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Summary. 

The paper deals with a detailed investigation of noise 
measurement for the purpose of establishing methods 
generally applicable to the sustained noises encountered in 
engineering. The work follows on that described in a pre¬ 
vious paper. The necessity for redetermining the properties 
of the hearing system of the average individual in terms of 
free-space conditions of listening is explained, and the results 
obtained on 50 persons are given. The inadequacy of the 
decibel scale for indicating subjective loudness is discussed 
and two alternatives are considered. The second of these is 
suggested as being the more helpful in conveying numerically 
the desired impression of loudness. 

Desirable improvements in the noise-analysing apparatus 
described in the previous paper are indicated, and a new 
equipment embodying these features is briefly described. 

The various methods of assessing the loudness of a complex 
noise are considered in relation to engineering requirements, 
and the reasons are given for the choice of the aural balance 
method using a pure reference tone W'ith a frequency of. 
800 cycles per sec. Experience obtained with this method 
in assessing typical noises is described. Finally, considera¬ 
tion is given to the problem of specifying the noise which a 
piece of apparatus may make when installed in a particular 
location. 


Table of Contents. 

(1) Introduction. 

(2) The Characteristics of the Hearing System. 

[a) The determination of the threshold of 
audibility. 

(&) The relation between decibels above tlnreshold 
for equal loudness at different frequencies, 
(c) The relation between stimulus and sensation. 

(3) The Noise-Analysing Apparatus. 

{a) Requirements suggested by experience. 

(5) Apparatus to meet these requirements. 

(4) The Assessment of Total Noise. 

(а) Consideration of some of the available 

methods of assessment. 

(6) Comparison of the subjective balance 

methods. 

(c) Details of the method chosen. 

(6) The Application of Noise Measurements to En¬ 
gineering Problems. 

{a) Typical loudness values. 

(б) Effect of number of sources. 

{c) Effect of distance. 

(d) Effect of enclosures. 

(is) Effect of noise background. 

(1) Introduction. 

Before discussing noise measurements ,a necessary 
preliminary is to define what we mean by noise. The 


old conception was that sounds which occupy the atten¬ 
tion of a person could be broadly classified into music 
and noise. This classification was based solely on the 
characteristics of the stimulus, i.e. on physical quantities 
such as the relations between the component frequencies. 
This view is now seen to be untenable. Subjective 
considerations are at least equally important. For the 
purposes of this paper we define noise as undesired or 
irksome sound. For example, a raucous motor horn 
presents no difficulty, the sound being noise on both 
older and newer definitions. The hum of a transformer, 
however, complies with the old physical definition of 
music; but few people would classify the sound as any¬ 
thing but noise. 

Again, the sound from a wireless set operated in a 
room to the evident pleasure of certain individuals may 
constitute an irksome noise to others who wish to 
converse. 

Lastly, many if not most persons would unhesitatingly 
classify certain modern orchestral compositions as noise, 
while those with sufficiently developed musical apprecia¬ 
tion would classify them as music. 

During the early stages of the investigation, described 
in a previous paper,* the authors relied on the curves 
of the minimum and maximum audible intensities of 
the average ear obtained by R. L. ■Wegel,f of the Bell 
Telephone Laboratories. By calling these curves zero 
and 100 loudness units respectively, and dividing the 
intervening range into 100 logarithmic intervals in 
accordance with the Weber-Fechner law, a scale for 
the interpretation of the r.m.s. pressures of pure tones 
in terms of proposed units of sensation was evolved. 
This scale covered the range 50 to 5 000 cycles per sec. 
and gave a much better perspective of the relative 
importance of the various components of a noise than 
was given by leaving the results of an analysis in terms 
of acoustical pressures. For some months it was very 
helpful in developing quiet-running machines by indicat¬ 
ing the best line of attack, but, as machines were made 
quieter, anomalous results were obtained. For example, 
a low-frequency component which was quite definitely 
audible would appear on the loudness scale as below 
zero. It was therefore clear that the curve of minimum 
audibility did not correspond to the conditions of test. 
Wegel’s results apply to measurements made with a 
telephone held to the ear, whereas the measurements of 
the present authors are of sound-field pressures under 
approximately free-space conditions, i.e. corrected for 
the presence of the measuring microphone and in the 


* Journal I . E . E . ,1930, vol. 68, p. 97. 

t R. L. Wegel: “ Physical Characteristics of Audition,” Bell System Technical 
Journal , 1923, vol. 1, p. 56, 


I.E.E. Journal, Vol. 75, No. 454, October, 1934. 


26 



402 CHURCHER. KING, AND DAVIES: THE MEASUREMENT OF NOISE, WITH 


absence of the observer. Wegel’s results therefore do 
not take into account the collecting power of the outer 
ear and possibly of the bones of the head. So far as 
the authors are aware, no satisfactory information was 
available on this point, and an extensive series of 
measurements was therefore undertaken to determine 
the corresponding threshold curve for free-space con¬ 
ditions. As regards the curve of maximum audibility, 
the experimental difficulties in the way of producing 
pure tones of such intensities in free space are almost 
insuperable. For this and other reasons the loudness 
scale based on the upper and lower limits of hearing 
was abandoned and, for the time being, recourse was 
had to the method—outlined on page 122 of the previous 
paper*—of expressing the intensity of a note in terms 
of the number of decibels above the threshold intensity. 
It was obvious from previous work with the loudness 
scale that the decibel figures for different frequencies 
would not be directly comparable, and that it would 
be necessary to determine by direct comparison the 
relation between the decibels above threshold of equally 
loud notes at different frequencies in order to establish 
a common basis for loudness measurement. Another 
reason for the reconsideration of the basis of the noise 
measurements was that the relative intensities of two 
notes of different strengths, expressed in decibels above 
threshold, seemed in many cases to diverge considerably 
from mental estimates of their relative loudnesses. Thus 
when comparing 800-cycle notes of, say, 90 and 45 
decibels above threshold, the former seemed much more 
than “ twice as loud" as the latter. Apparent dis¬ 
crepancies of this kind were not only noticed by the 
authors and their colleagues but were the subject of 
criticism from sources which, from an acoustical point 
of view, could be regarded as non-technical. If these 
discrepancies are real, the inference is that the Weber- 
Fechner law is only an approximation and that the 
deviation between the decibel and sensation scales is 
sufficient to be of practical importance. Attention has 
been called to this point by several investigators who 
will be referred to later. As this matter is of such a 
fundamental nature, a detailed investigation became 
necessary. 

In attempting, therefore, to formulate a basis for 
noise measurement which would be acceptable for 
engineering purposes, the authors have considered first 
the laws of response of the hearing system of the average 
individual to sounds of different characteristics, and 
then the choice of a practical method of noise measure¬ 
ment in accord with those laws. The investigation of 
the laws of hearing falls into three sections, viz. the 
determination of the threshold of hearing, which pro¬ 
vides a datum from which intensity levels may be 
reckoned, the determmation of the relation between the 
magnitudes of stimuli of different frequencies which 
produce equal loudness sensations, and finally the relation 
between stimulus and sensation. 

(2) The Characteristics of the Hearing System. 

(a) The DeievminaUon of the Threshold of Audibility. 

Without further definition the “ threshold of audi¬ 
bility " applies to the region between audibility and 

• Loe. cit. 


inaudibility and does not imply a definite criterion such 
as is necessary in carrying out a series of tests on indi¬ 
viduals. Since it was intended that the value, when 
determined, should constitute the zero of a sensation 
scale, the most relevant definition seemed to be the 
most intense sound which is inaudible, the smallest 
detectable sound clearly calling for a finite measure of 
sensation. 

In order to avoid confusion, the threshold was further 
defined as the largest sound the complete removal or 
application of which is not detected. This criterion of 
the threshold lends itself to a simple experimental 
procedure which calls for a minimum of effort on the 
part of the subject. It was also established that, in 
the case of four skilled observers, the results agreed 
with the means of their values obtained when approach¬ 
ing the threshold from higher and lower intensities. 

When determining the threshold of an individual it is 
essential that there should be no background noise, as 
otherwise the de-sensitizing action of the ear operates 
and raises the threshold. It is also important, when 
the measurements refer to approximately free-space 
conditions of listening, that the sound field at the location 
of the subject should be uniform, any distortion present 
being due to the subject and not to wall or other reflec¬ 
tions. Both these conditions were satisfied by making 
the measurements in a non-reflecting soundproof test 
room.* 

The range of frequencies covered is from 100 to 6 400 
cycles per sec. at octave intervals, so that measurements 
were made at seven frequencies. Experience has shown 
that these points are sufficiently close to define the 
threshold curve. 

In order to generate the test tones a moving-coil loud¬ 
speaker was suspended near the centre of the room 
about metres above the cotton-waste floor-covering 
and on a level with the head of a subject seated in an 
elevated chair. Measurements were made at each 
frequency of the variations in sound pressure likely to 
be experienced due to differences in height and uncertain¬ 
ties in the positioning of the subject’s head. These 
measurements demonstrated that the variations at the 
location used, viz. 1 • 6 metres from the source, did not 
exceed 1 decibel. Such a small variation is to be 
expected as, to an object the size of the human head, 
a wave of 1 • 6 metres radius appears sensibly plane. 

Since the measurements refer to the sensitivity of the 
ear to pure tones, care was taken to keep the harmonic 
content of the notes as low as possible. The point 
becomes of first importance when considering a tone of 
low frequency, as then, owing to the greater sensitivity 
of the ear at higher frequencies, a 20-per-cent third or 
higher harmonic in terms of acoustic pressure may be 
louder than the fundamental. It is just at low fre¬ 
quencies where it is somewhat difficult to produce pure 
tones, and it was only after considerable research into 
the problems involved that a valve oscillator and loud¬ 
speaker were produced with negligibly low harmonic 
output. 

In maldng the measurements the intensity of the test 
tone from the loud-speaker was controlled in steps of 

’* B. G. Churcher; “The Acoustics Laboratory of the Metropolitan-Viclcers 
Electrical Co.’s Research Department,” Ensineering, 1933, vol. 135, p. 5B3. 
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1 decibel by an attenuator, and a switch was provided 
for removing it entirely. The subject, sitting facing the 
source, indicated by a signal whether he could hear the 
note and so enabled an observer to determine in stages 
the highest intensity not detectable by the subject, 
when switched on or ofi. 

In order to specify the corresponding sound pressure 
it was convenient to determine for a given applied voltage 
the relation between the attenuator setting and the 
acoustical pressure at a higher intensity, and to demon¬ 
strate the linearity of the loud-speaker over this range 
using a condenser microphone of accurately determined 
field calibration. It was then a simple matter to deduce 
from the attenuator-setting the acoustical field pressure 
in the absence of the subject. Several checks taken 


that a check was being made. In very few cases did a 
subject realize that a tone was being repeated. 

In selecting the subjects for the experiments, the 
object was to obtain data representative of the average 
person who might be concerned with questions of noise. 
It was desired to avoid the biasing of the results which 
would occur if persons either of specially acute hearing 
or of experience in acoustics were chosen. Only two 
persons, who were definitely abnormal, were rejected 
out of the 60 considered for the threshold experiments. 
Altogether 34 males of ages varying between 16 and 
63 years were examined. Among them were engineers, 
research workers, salesmen, draughtsmen, and artisans. 
Of these not more than 14 would be expected to adopt 
a specially critical attitude towards the experiments. 



during the tests showed that this relation was maintained 
within 0 • 6 decibel. 

To have measured the threshold of each subject at all 
seven frequencies at one sitting would have involved 
errors due to fatigue. The measurements were there¬ 
fore divided into two groups, namely 100 to 800 cycles 
per sec. and 800 to 6 400 cycles per sec. This arrange¬ 
ment had two other important advantages. First, the 
800-cycle measurement occurs in both series with an 
interval of several days in between, so that a check is 
obtained on the consistency of the readings, and secondly 
the 800-cycle measurement is made at the end of the 
first series and the beginning of the second series, so 
that any marked inconsistency due to fatigue would be 
evident. 

In making these measurements a rest period of a few 
minutes was allowed after each threshold determination 
before proceeding to the next frequency. The notes 
were not presented in any rigid order, as repeat tests 
were interspersed without any indication being given 


The males therefore included persons whose normal 
working environment ranged from quiet of&ces to noisy 
workshop conditions. All except four had no previous 
experience of acoustical measurements. Of the 14 
females, whose ages varied from 15 to 48 years, two 
only would be expected to adopt a critical attitude 
towards the experiments, and all were accustomed to 
work in relatively quiet surroundings. 

In considering the results, the problem is to find at 
each frequency the most representative value of threshold 
intensity. It was felt, therefore, that the results should 
be presented for averaging on a scale proportional to 
sensation rather than stimulus. It is indicated in 
Section 2(c) below (page 406) that, in the vicinity of 
threshold, sensation is proportional to decibels above, 
threshold; so that the results, having been determined in 
decibels from certain defined intensities, were ready for 
any linear method of averaging. 

Of the various available methods of averaging, it 
appeared that the most representative value of the 
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threshold is given by the mode of the results. The values 
obtained are given in Table 1, where they are specified 
in absolute units. In addition, the mean values on the 
decibel scale, or geometric mean of the pressures, and the 
mean and standard deviations, are given. The mean 
deviation is included because it is much less dependent 
on single erratic results than the r.m.s. value. Column 6 
of Table 1 gives the decibels below 1 dyne per cm^ of 
the modal values of column 2. 

Of the 48 subjects tested, two groups, one of 15 males 
and the other of 14 females, were specially chosen so as 
to be age-graded, the ranges covered being 15-63 and 
16-48 years respectively. 

No marked change with age in either group could be 
noticed at 100 cycles per sec., but the female group is on 
the average 2 to 3 decibels less sensitive than the male. 
At 800 cycles per sec. there is a tendency in both groups 


sound. It was therefore deemed sufficient to determine 
the effect in the case of 10 people of average size who 
are accustomed to making electrical measurements. 

The dispositions of the source and subject were as in 
the previous threshold determinations, and the procedure 
was the same except for the additional measurements 
with the subject sitting sideways so that first one ear 
and then the other was turned towards the source. In 
each case an observer operated the controls. The 
measurements were made at the same frequencies as 
the previous threshold determinations, in order to 
ascertain the corrections necessary to make those 
determinations apply to sideways listening. The average 
differences between the two threshold field pressures for 
the 10 subjects tested are given in the last column of 
Table 1, the sideways condition being nearly always 
more sensitive than that of facing the source. 


Table 1. 


Field Threshold Pressures. 


Frequency 

Observer facing source 

Increase in 
sensitivity 
due to turning 
head sideways 

Mode pressure 

Mean pressure 

standard 

deviation 

Mean 

deviation 

Decibels below 

1 dyne 

per cm®. Mode 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

cycles per sec. 

dynes per cm2 

dynes per om2 

decibels 

decibels 


decibels 

100 

0-00350 

0-0034 

4-7 

3-8 

49-1 

0 

200 

0-00128 

0-00138 

4-6 

3-3 

67-9 

0 

400 

0-00041 

0-00050 

4-0 

3-2 

67-8 

0-6 

800 

0-000215 

0-00028 

4-9 

4-0 

73-4 

2-0 

1 600 

0-000225 

0-00045 

6-3 

6-2 

72-8 

0-5 

3 200 

0-00020 

0-00036 

9-8 

6-5 

74-0 

1-0 

6 400 

0-00097 

0-00186 

9-6 

6-6 

60-3 

6-0 


{b) The Relation between Decibels above Threshold for 
Equal Loudness at Different Frequencies. 

The only work on this subject loiown to the authors 
was that of Kingsbury,* who had made a direct com¬ 
parison of the loudness of pure tones of from 60 to 4 000 
cycles per sec. using a telephone as his source. Since 
his results were given in terms of the decibels above 
threshold at the respective frequencies, it was not 
anticipated that they would be affected by a change 
from telephone to free-space conditions of listening, as 
might have been the case if absolute units of pressure 
had been used. It was necessary, however, to extend 
the range of frequencies and amplitudes covered by 
Kingsbury, and the opportunity was therefore taken 
of examining as large a range as possible in a series of 
measurements corresponding to normal free-space listen¬ 
ing. It was realized that it would not be possible to 
generate in free space pure tones of such large intensities 
as can be produced in a telephone, but it was hoped to 
demonstrate agreement between the two sets of results 
at low and medium intensities and so justify the use of 
telephones where necessary. 

* B. A. Kingsbury: *' A Direct Comparison of the Loudness of Pure Tones,” 
Physical Review, 1927, vol. 29, p. 688. 


for sensitivity to decrease with increasing age, and the 
female group is now 2 to 3 decibels more sensitive than 
the male. At 6 400 cycles per sec. the average sensi¬ 
tivities of the two groups are approximately equal, 
though the three oldest males have a much lower 
sensitivity than the rest. This is not the case in regard 
to the females, possibly owing to the more restricted age 
range. 

It would be unwise to generalize as to the effects of 
age and sex on the threshold intensities from results on 
such small groups as 14 and 15 subjects. The most 
marked effect noticed was the reduction in sensitivity 
with age at high frequencies, but even then one of the 
youngest subjects tested, though reputedly normal, 
showed a low sensitivity at most frequencies. 

In addition to the above determinations of the 
threshold field pressures with the subjects facing the 
source, a series of measurements was carried out on 
10 individuals to/ determine the difference between 
sitting facing and sideways to the source. The dif¬ 
ference is clearly bound up with the distortion of the 
sound field by the listener’s head, and therefore depends 
on the dimensions of the head and exact location of the 
ear compared with the wavelength of the incident 
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In the first series of tests, therefore, pure tones at 
octave intervals between 100 and 6 400 cycles per sec., 
generated and propagated in free space, were compared. 
To avoid comparing every tone with every other tone, 
each of the tones was compared with one of 800 cycles 
per sec. In addition to reducing the number of tests 
required, this procedure decreases the spread of the 
results, as the greater the ratio of the frequencies of two 
tones the more difficult and indefinite the comparison of 
their loudness becomes. Using the 800-cycle reference 


and (&). The sound intensities given by the telephone 
and loud-speaker were controlled by two attenuators 
adjustable in steps of 1 decibel. The procedure with 
each subject at each test frequency, therefore, was to 
determine first his threshold for the test tone from the 
loud-speaker and the reference tone in the telephone. 
The test tone was then increased in intensity in steps 
of 10 decibels and at each setting the decibels above 
threshold of the reference tone which appeared equally 
loud were noted. Readings were taken with the subject 



tone, the subjects had little difficulty in determining 
the equal-loudness or balance condition. The legitimacy 
of the method was demonstrated by Kingsbury, who 
showed that if two tones were separately considered as 
loud as a third reference tone, they would appear 
equally loud when compared with each other. The 
point was also confirmed by the authors . 

For convenience in making the measurements, the 
reference tone was presented to one of the observer’s ears 
by a telephone while he sat on the chair in the non¬ 
reflecting room used for. the threshold measurements so 
as to present his uncovered ear towards the loud-speaker 
source. This method of determining the intensity of a 
note which appears as loud as a given sound in free 
■space is discussed again in more detail in Section 4, "(a) 


seated the reverse way and with the functions of his two 
ears interchanged. 

Since 'the measurements were intended only as a 
check on Kingsbury’s figures, it was considered sufficient 
to carry out tests on 6 subjects who were known by the 
previous tests to be of average hearing ability. The 
range of intensity covered in this first series of tests 
was from, threshold to 40 decibels at 100 cycles per sec., 
80 decibels at 800 cycles per sec., and 50: decibels at 
6 400 cycles per sec. Readings at higher intensities 
could not be obtained owing either to shortage of driving 
power for the loud-speaker or to the tendency to produce 
harmonics at large amplitudes. , . 

The higher intensities were covered by the second series 
of tests using two telephones. The aniplitude linearity 
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of the latter was checked by microphone measurements 
up to HO decibels above threshold at 800 cycles per sec., 
and to corresponding intensities at other frequencies, so 
that the control attenuator readings gave a direct 
measure of the sound intensity in the observer’s ears. 
Readings were taken on 6 subjects from threshold up to 
100 decibels at 800 cycles per sec., so that the two series 
of tests had a large overlap. 

In carrying out the measurements the subject was 
allowed to rest after each reading, and not more than 
10 observations were made at one sitting. When 
measurements were repeated as a check, good con¬ 
sistency was obtained, showing that fatigue was not 
important. 

In drawing the mean curves for each individual at 
each frequency of comparison it was clear that no dis¬ 
tinction could be made between the two series of tests 
in the region where they overlapped. The results with 
two telephones were therefore accepted for the higher 
intensities as applying also to free-space conditions. 

In order to compare the mean curves for all the subjects 
with Kingsbury’s results, the latter were replotted at 
corresponding frequencies. This was done by taking the 
curves given in Fletcher’s “ Speech and Hearing ”* and 
drawing the family of curves connecting the decibels 
above threshold of the equivalent 800-cycle note at 
typical intensities. A little smoothing was necessary 
in order to make these curves into a family. It was 
then a simple matter to draw the curves given in Fig. 2 
for the same frequencies as had been used in these tests. 

Comparing the results which had been obtained with 
the curves of Fig. 2, the 100-cycle results came slightly 
below and the 200-cycle results slightly above the Kings¬ 
bury curves. In both cases, however, the difference 
was less than the dispersion in the two sets of results. 
The 400-cycle results did not agree so well, but the 
800-, 1 600-, and 3 200-cycle results agree very closely 
with the straight-line relation given by Kingsbury. The 
6 400-cycle results agree with the curve for 600 cycles 
per sec. 

In order to produce a family of curves as was done with 
the Kingsbury figures, the 400-cycle results required 
smoothing a maximum amount of 6 decibels. The 
agreement with the Kingsbury results of Fig. 2 was then 
satisfactory. 

In view, therefore, of the greater number of subjects, 
namely 22, tested by Kingsbury, and the smallness of 
the difference between the two sets of results, it was 
decided to adopt his results redrawn as in Fig. 2 with 
the extension to 100 decibels and 6 400 cycles per sec. 

(c) The Relation Between Stimulus and Sensation. 

Both the old loudness scale used by the authors and 
the decibel scale are really logarithmic scales of physical 
stimulus. The justification, therefore, for their use to 
indicate subjective loudness has been the contention 
that such a logarithmic scale of stimulus corresponds to 
an arithmetic scale of sensation. This is another way 
of stating the Weber-Fechner law without any reserva¬ 
tion as to the range of intensities over which it applies. 
Since the law was derived froih experiments at medium 

* Published by Messrs. Macmillan, 1929. 


intensities only, its application over the whole range 
from threshold to painfully loud intensities needs 
justifying. A much more insistent reason for suspecting 
the logarithmic relation between stimulus and sensation 
is provided by the common experience that the numbers 
assigned by such a scale to represent the sensations 
caused by various stimuli are not acceptable to intro¬ 
spection as a correct indication of their relative magni¬ 
tudes. Experience shows that the rate of increase of 
loudness with the decibels above threshold is com¬ 
paratively small at low intensities and much larger at 
high intensities. As a result the logarithmic stimu¬ 
lus/sensation scale appears very open at low, and 
cramped at high, intensities. 

It was therefore decided to try to establish a definitely 
subjective scale of loudness by as direct a reference as 
possible to the judgment of the ear. In view of the 
work described in Section 4 (&), efforts were directed 
primarily towards establishing the relation between 
subjective loudness and the decibels above threshold 
for an 800-cycle note. The relations between stimuli 
in decibels above threshold at different frequencies for 
equal loudness established in Section 2 (&), however, 
make it a simple matter to transfer a scale at one fre¬ 
quency into the corresponding scale at another frequency. 

An Integrated Loudness Scale. —If the loudness of a 
note be defined as the number of consecutive just- 
perceptible increments or decrements of intensity con¬ 
tained in the intensity range from threshold to that of 
the note considered, then, providing that the differential 
intensity sensitivity of the ear is known at all intensities 
in the audible range, an integrated stimulus/loudness 
scale can be readily constructed. On psychological 
grounds there are grave objections to the use of the 
just-perceptible changes as units of sensation, but it 
was nevertheless thought desirable to examine whether 
the form of the stimulus/sensation relation which would 
follow from this definition would prove acceptable to 
introspection. 

Kingsbury {loc. cit.) had already constructed such a 
scale for a 1 000-cycle note using Knudsen’s data*^ for 
the differential intensity sensitivity of'the ear. Knud¬ 
sen’s work, however, was based on the sensitivity of the 
ear to cyclical changes of intensity. Such a procedure 
neglects the difference between the sensitivity to incre¬ 
mental and decremental changes which will necessarily 
be present since the ear is not linear with amplitude, 
and the subjective condition involved in testing with 
cyclical variations of intensity is entirely different from 
the condition involved when discrete changes are used. 

It seemed desirable, therefore, to determine first the 
differential intensity sensitivity of the ear using discrete 
changes of intensity with the notes generated both in 
free space and in telephones applied to the ear. In 
addition, some measurements were made to determine 
the differential intensity sensitivity using cyclical 
changes. A detailed description of the work is being 
prepared for publication elsewhere, but an outline of 
the method and results may be of sufficient engineering 
interest to include here. The free-space measurements 
were carried out under the same conditions as the 

• V, O. Knudsen: “The Sensibility of the Ear,” Physical Review, 1923, 
vol. 21, p. 84. 
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threshold determinatioBS, and, in addition, measure¬ 
ments were made on a number of subjects, using one and 
two telephones. Owing to difficulties caused by the 
transient response of the loud-speaker diaphragm, the 
free-space measurements were in doubt except at low 


check and to extend their results. Initially attention 
was -Confined to an 800-cycle note, and one point on 
the scale was fixed by giving a loudness figure of 100 
to the sensation resulting from an 800-cycle tone 
100 decibels above threshold. The choice of number to 



Fig. 3.—-“Differential intensity sensitivity," determined with discrete intensity changes. 

A. Incremeatal change by switching. 

B. Decremental change by switching. 

C. Incremental change by inductance variation. 

D. Decremental change by inductance variation. 


intensities, where they agreed with the telephone measure¬ 
ments. The latter were taken up to 110 decibels above 
threshold with instantaneous changes and with durations 
of change of from ^ to 3 sec. Over these ranges for 
isolated changes no difference could be found due to the 
speed of change or the use of one or two telephones. 
With cyclical changes there were distinct indications that 
the results were complicated by the retention of impres¬ 
sions by the hearing system, and therefore the results 
were not included in the final values given. 

Disregarding the recurrent change tests, the results 
of several hundred observations on 4 subjects reduce 
to the curves of Fig. 3 for increasing and decreasing 
types of changes. It is not known, however, to what 
extent the results with decreasing intensities are affected 
by the retention of impressions, and hence the figures 
relating to increasing intensities only have been used 
in deducing the integrated curve given in Fig. 4. 

In considering this loudness scale, the authors con¬ 
clusion is that even if the assumptions on which it is 
based are accepted, the result, while an improvement on 
the decibel scale, still conflicts with mental estimates of 

loudness. • j- j. 

MuUiple Loudness Scale.—h. second and more direct 
method of determining the relation between loudness 
and stimulus intensity is by the method of mental 
estimates. This method had been employed over certain 
ranges by other investigators,* and it was desired to 


* L F. Richardson and—Ross: Journal of General Psychology, 

T) A Laird E Tavlor, Journal of the Acoustical Society v 

AmricaX'-^ot\ P- 393; L. B. Ham Ua J. S. Parkinson: rb^d., 1932, 
vol. 3, p. 611. 


attach to a given loudness level is unimportant, since 
it involves only the multiplication of the loudness-scale 
figures by a constant. 

The procedure was to provide each of the subjects 



with a pair of telephones mounted on a headband, these 
receivers being fed, via a 2-way switch, from either of 
two attenuators supplied from the same 800-cycle 
source. The threshold intensity of the subject was first 
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determined, and No. 1 attenuator was then set to give 
an intensity 100 decibels above threshold in the receivers. 
The subject was then asked to adjust No. 2 attenuator 
until moving the switch from position 1 to position 2 
appeared to reduce the loudness of the tone to one-half. 
When this had been accomplished. No. 1 attenuator 
was given the same setting as No. 2, so that moving the 
switch produced no change of loudness, and the subject 
was required to readjust No. 2 attenuator until moving 
the switch from position 1 to position 2 again halved 
the loudness of the tone. This was repeated in all 
6 times. If the loudness of the 100-decibel tone is 
designated 100, the subject thus determined the decibels 
above threshold required to give loudnesses of 50, 26, 



of to one-half. This was done three times consecutively, 
and the loudness scale so determined was found to agree 
quite closely with that determined by consecutive 
halvings. This appears to establish that, in the case of 
loudness estimation, two consecutive estimates of halving 
do in fact agree substantially with an estimate of quarter¬ 
ing. Fig. 6 shows the degree of consistency of one ob¬ 
server in estimating ratios of 2 :1 and 4:1, and Fig. 5 
shows the consistency of the same individual in maldng 
6 repeat determinations of a series of 6 estimates of 2 :1, 
these curves being taken at an interval of 6 months. It 
should be mentioned that during these tests the subjects 
did not observe the attenuator scale. 

In view of the consistency of each of the 4 skilled 
subjects it was decided to apply the same method to a 



Fig. 5.—Individual consistency of estimated loudness-scale 

determination. 

Note. —^These curves show the result of 6 tests at 800 cycles per sec. on one 
person. Each curve was determined on a different day. 

Tests (1) and (2) were made on consecutive days, and an interval of 6 months 
occurred before tests (3), (4), and (5) were made. 


Fig. 6.—^Estimated loudness scales by estimation of 2 ; 1 

and 4 : 1 ratios. 

(a) Determined hy estimating a loudness ratio of 2 :1. 

(b) Determined by estimating a loudness ratio of 4 :1. 

These two curves were determined on the same day by one person. 

Curve (o) is curve (2) of Fig. 5. 


12-6, 6-25, 3-12, and 1-56 respectively. Care was 
taken throughout. these tests to ensure a negligible 
background noise level, and the necessary precautions 
against fatigue were taken. 

Initially some doubt was felt as to the practicability 
of determining what was meant by “ half the loudness,” 
and it was feared that subjects accustomed to sound 
measurement would tend to estimate rather the number 
of decibels above threshold than the loudness. Prelimin¬ 
ary tests with 4 skilled observers showed that this ten¬ 
dency was not appreciable. Each determination of a 
loudness ratio appeared to be subjectively vague, but 
the consistency between repeated determinations made 
on different days was surprisingly high. As a check on 
the reality of the procedure, several runs were also made 
jn which the subjects were required to adjust the notes 
to one-q_uarter of the loudness of the given note, instead 


group of 30 entirely unskilled subjects, 15 males and 
15 females. The procedure with each of these was just 
as described above. It may be noted that few of these 
subjects appeared to experience any difEculty in deciding 
what constituted a loudness ratio of 2 :1 or 4:1. A 
few expressed doubt initially as to their ability to deter¬ 
mine such a ratio, hut when it was attempted no great 
difficulty was apparently found. 

In all, therefore, 34 subjects determined the intensities 
associated with the loudness figures of 60, 25, 12-5, 
6-25, 3‘12, and T-56 respectively, by the estimation of 
loudness ratios of 2 :1; and all but 4 of the males, that 
is 30 subjects, also determined the levels associated with 
the loudness figures of 26, 6*25, and 1*56 respectively, 
by the estimation of loudness ratios of 4 :1. 

Naturally the decibel figures obtained for any one 
loudness level show a considerable dispersion, increasing 
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at the lower levels. The procedure adopted has been old is as loud as for an 800-cycle note, and no transposi- 
to take the means of the decibel figures recorded at each tion is required. Fig. 8 shows the degree of consistency 
loudness level. These give a series of points which fall obtained by one skilled observer in making determina- 



Stimulus—Decibels above threshold 

Fig. 7.—Relation between loudness and'fdecibels above threshold for a pure 800-cycle note. 

Note.— 100 decibels are taken as equivalent to 100 loudness. Curves are determined from the fractional 
loudness estimates of 34 persons with normal hearing. 


on the smooth curves shown in Fig. 7. The figures, 
together with the standard deviations and the mean 
deviations, are given in Table 2. 

It will be observed that Fig. 7 is extended to higher 
and to lower intensities than those quoted above. It 
was found to be undesirable to present unskilled subjects 
with initial notes greater than 100 decibels, and difficulty 
was usually experienced at the very low levels. A 
number of tests was therefore made by 4 sldlled subjects 
from levels of 110 down to 15 decibels, and these results, 
which agree well with the others over the range where 
they overlap, have been used to extend the curve over 
the complete range of 0 to 110 decibels as shown in Fig. 7. 

Finally a series of tests was made with 3 skilled 
observers determining a loudness scale in a similar 
manner at different frequencies. The curves of Fig. 2 
show that an 800-cycle tone 100 decibels above threshold 
has the same loudness as a 200-cycle tone 87 decibels 
above threshold. The initial 200-cycle note of 87 
decibels was therefore called 100 loudness, and with 
the same procedure as before the decibels above 
threshold for other loudnesses were found. The result 
of such a test for 1 observer is shown in Fig. 8, curve 2. 
If each intensity of the 200-cycle tone on this curve is 
replaced by its equally loud 800-cycle tone (from Fig. 2), 
curve 4 of Fig. 8 results, and it will be seen that this 
agrees closely with the loudness scale determined directly 
at 800 cycles per sec. Tests were also made at 2 000 
cycles per sec. (Fig. 8, curve 3). In this case a note 
represented by a given number of decibels above thresh- 



Fig. 8.—Estimated loudness scales at different frequencies. 

All curves determined by one person estimating loudness ratio of 2:1. 

(1) Determined at 800 cycles per sec. (mean of 6 tests on Fig. 5). 

(2) Determined at 200 cycles per sec. (mean of 2 tests on different days, m 
close agreement). 

(3) Detennined at 2 000 cycles per sec. 

(4) Curve (2) transferred into equivalent 800-cycle levels from Fig. 2. 


tions at 200, 800, and 2 000 cycles per sec. All three 
observers showed good agreement. 
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Objections have been raised to the validity of mental 
estimates of sensations. These results, however, show 
that quite a high degree of consistency of determina¬ 
tions can be obtained by different methods. It appears 
certain, therefore, that some quantity is being measured, 
the only doubt remaining being whether that quantity 
is really a sensation. A comprehensive discussion of the 
psychological aspects of the problem would not be in 
place here; it is sufficient to say that if the quantity 
measured is not the loudness produced by the given 
stimulus it is certainly what the normal person means 
when he speaks of the loudness. Even if such an idea 
is unacceptable on formal psychological grounds, it is, 
nevertheless, the conception which the ordinary person 
forms and upon which he acts. It is therefore decidedly 
the quantity in which we are interested, since it at least 
determines the attitude of the ordinary person to 
industrial noises. 

This scale has been used by the authors for all sub¬ 
sequent work, and has in all cases been found to give 
acceptable results. 

Table 2a. 


Estimation of Loudness Ratio 2:1a/ 800 cycles per sec. 

(34 subjects). 


Loudness figure 

Stimulus level 
(mean) 

standard deviation 
of observations 

Mean deviation 
of observations 

100 

decibels 

100 

decibels 

decibels 

60 

84 

6-6 

4-1 

26 

72 

9-0 

7-3 

12-6 , 

62 

11-9 

9-7 

6-25 

62 

14-3 

12-1 

3-12 

43-5 

16-7 

13*5 

1-66 

35-6 

16-3 

14-8 


Table 2b. 

Estimation of Loudness Ratio 4:1a/ 800 cycles per sec. 

(30 subjects). 


Loudness figure 

Stimulus level 
(mean) 

standard deviation 
of observations 

Mean deviation 
of observations 


decibels 

decibels 

decibels 

100 

100 

— 

— 

26 

70 

8-7 

6-6 

6-26 

64 

11-6 

9-2 

1-66 

40 

13-8 

11-8 


(3) The Noise-Analysing Apparatus. 

(a) Requirements Suggested by Experience. 

The apparatus described in the previous paper* was 
very useful in the early stages of the work, but as it 
progressed and the noises to be studied became less and 
less in magnitude, the sensitivity, even with an addi¬ 
tional amplifier, was not sufficient for reliable measure¬ 
ments. The reason for this position became clear when 

• Loc. cii. 


the figures obtained by the authors for the average 
threshold were compared with those used as a basis for 
the design of that equipment. The greater sensitivity 
required called for a correspondingly greater range of 
control of sensitivity: of the order of 100 000 to 1. The 
selectivity of the apparatus had proved to be sufficient 
in the most difficult case encountered, namely a turbine 
gear with two important components 3-5 per cent 
different in frequency, and therefore no immediate 
improvement was necessary in this respect. 

The arrangement of the apparatus to operate from an 
electric supply, while giving ample power without the 
inconvenience of batteries, introduced other troubles, 
particularly with high amplifications, arising from dis¬ 
turbances on the supply system. It also limited the 
sphere of usefulness of the apparatus to areas 
supplied with alternating current of suitable voltage 
and frequency. 

As in some cases the time taken by an analysis is of 
primary importance, quicker operation without sacrific¬ 
ing other qualities demanded careful attention. 

The sensitivity of the moving-coil microphone to stray 
magnetic fields proved to be a great drawback when 
testing certain pieces of electrical apparatus, and a 
change to a more generally applicable type therefore 
appeared to be desirable. 

ih) Apparatus to Meet these Requirements. 

In order to secure an apparatus possessing these 
desirable qualities it was necessary to make considerable 
changes in the detail design, The apparatus which has 
been evolved is, however, still of the same general 
scheme as that described in the previous paper. The 
microphone is of the condenser type, specially developed 
in a small size and with a plane front so as to cause 
a minimum of disturbance to the sound field being 
explored. It is supported on a stand so as to have a 
low natural period of vibration and is connected by 
16 yards of flexible screened cable to the first amplifier. 
This is quite self-contained in a portable box with 
batteries and meters for checking the operating condi¬ 
tions of the valves. The output circuit of this amplifier 
is of very low impedance, so that a long screened cable 
can be used to connect it to the second amplifier, which 
is also self-contained and portable, and is placed in any 
convenient spot up to 30 yards from the first amplifier. 
The latter can therefore be near the machine being 
tested, say on a test-bed, while the second amplifier 
and portable frequency-analyser can be placed in an 
office where measurements can be made undisturbed. 
The arrangements for the control of the necessary 
enormous range of amplification have been evolved 
after considerable experiment. A total range of adjust¬ 
ment of amplification of 10®, or 120 decibels, is provided 
in steps of 10 decibels. 

Flexible screened cables connect the second box to 
the third, containing the frequency analyser and final 
meter. Although the analyser still consists of two 
loosely-coupled tuned circuits with the same degree of 
selectivity as before, the design has been so much im¬ 
proved that the instrument is now readily portable. In 
addition, the tuning is now continuously variable by a 
single calibrated dial over five overlapping ranges from 
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20 to 25 000 cycles per sec. This is achieved, by using 
accurately-matched variable inductances instead of 
three dial-tjrpe variable condensers. A great saving 
in time results from the speed with which the single 
tuning-dial can be turned when searching for components 
and also from the direct calibration of the dial in fre¬ 
quency. The only other tuning adjustment is that of 
the switch to change to the required range. The output 
meter, of the quick-reading copper-oxide rectifier type, 
is graduated in decibels, and this reading, added to the 
overall calibration constant corresponding to the fre¬ 
quency setting and the position of the attenuator, gives 
the sound intensity in decibels above threshold acting 
on the microphone. When an average reading of a 
rapidly varying component is to be taken, a small 
switch provides electrical damping for the output meter. 

The overall amplification of the apparatus at the 
frequency corresponding to the analyser setting is of 
the order of 10^, or 140 decibels. 

(4) The Assessment of Total Noise. 

(a) Consideration of Some of the Available Methods of 
Assessment. 

While the problem of analysing a complex noise into 
its constituent tones and stating their magnitudes and 
frequencies presents some difficulties, yet the work 
involved is essentially in the realm of physics and the 
results are susceptible of incontrovertible statement in 
absolute units. Even when the intensity values are 
expressed in terms of the decibels above some generally- 
accepted values of the threshold intensities at the 
respective frequencies, the results are still unassailable. 
Quite other considerations arise when an attempt is 
made to assess the loudness of the noise as a whole. 
It has been shown in Section (2) how each of the com¬ 
ponents of the noise can be rated in terms of its equally 
loud 800-cycle tone, and that, using the loudness scale 
of Fig. 7, figures can be given for the loudness of each 
of the components heard separately. The loudness 
figures are no longer on an absolute basis and their 
summation into a figure to represent the total loudness 
of the noise as heard by the ear presents many difficulties. 

The methods of determining the total loudness of a 
noise can be roughly divided into two classes, subjective 
and objective, the former involving the judgment of the 
human ear and the latter the interpretation of instru¬ 
mental measurements in the light of the available data 
relating to the properties of the ear. The two classes 
can be further subdivided in the following way. 

Dealing first with subjective methods, in the 
“ equality or “ balance *’ method a reference tone 
which can be specified in frequency and intensity is 
adjusted so that it is judged by a representative person 
to sound as loud as the noise in question. The reference 
tone may be produced in free space but is more usually 
generated in either one or two telephone earpieces 
spaced ofi the head,* or in one telephone placed over 
one earf while the other ear listens to the noise being 
measured. A tuning fork held to one ear has also been 
used. In the “ masking ” method a sound generated in 

• H. Fletcher: “ Speech and Hearing.” 

t A.. H. Davis: 1930, vol. 125, p. 48. 


telephones spaced off the ears, or by a tuning fork, is 
made to be either so loud as to just mask the noise in 
question or so soft as to be masked by it. The quantity 
derived in this case is not the magnitude of the noise 
but the deafening effect of one or other of the sounds. 

Turning now to objective methods, where the total 
noise is to be assessed by calculation from analysis, 
the several components of a noise are determined by 
analysis and their intensities weighted according to 
their frequencies and the sensitivity of the ear at those 
frequencies. The weighted components would then be 
summed mathematically in a way to correspond to the 
action of the ear. No method of summation of general 
validity has yet been put forward. In the “ artificial 
ear ”* method, the weighting and summing of the com¬ 
ponents of a noise are attempted by electrical circuits 
and an indicating instrument. 

The methods briefly indicated above were considered 
in detail with a view to determining which is the most 
trustworthy for quantitative measurements under en¬ 
gineering conditions. In the first place, comparing the 
subjective and objective classes of assessment, while we 
have in the former a direct reference to the final judge, 
the human ear, we introduce the personal factor into the 
observations, whereas in the latter the difficulty of 
simulating instrumentally or mathematically the response 
of the ear is offset by the much greater consistency of 
instrumental readings. The relative importance of these 
points must be considered along with the other features 
such as cost, convenience, and speed of working. 

Objective Methods of Assessment. —Even supposing a 
method of summation by calculation were available, the 
calculations would necessarily be extremely laborious 
owing to the complexity of the characteristics of the ear. 
Moreover, fairly elaborate analysing equipment is re¬ 
quired to obtain the initial data. Calculation from 
analysis is therefore never likely to become a method 
generally applicable to engineering problems, although 
it would undoubtedly be of value for research purposes. 

The action of the artificial ear is presumably based on 
the following assumptions: (1) That the pure tone which, 
as in Section 2 (b), appears as loud as another pure tone 
by itself, still appears so when other frequencies, harmonic 
or otherwise, are present. (2) That the loudness of a 
complex noise is equal to that of a series of tones of a 
common frequency and severally equal in loudness to the 
components of the complex noise. (3) That the law of 
summation of such a collection of pure tones is known. 
It seems probable that the first assumption holds for 
the more important components of a noise, but it is not 
true for the small ones owing to selective masking. The 
second assumption is certainly untrue in many cases, 
since it neglects the subjective sum and difference tones 
which are formed by each component with every other 
component present. The third assumption introduces 
the question of the relative phasing of the pure-torie 
equivalents. The difficulty is avoided if the ear is 
responsive to the total energy of these equivalents. 
This is supported by the apparent independence of the 
ear to the phasing of the components of a steady sound, 
at least at moderate intensities. The above assumptions 

The term “ artificial ear ” is used here to indicate an apparatus simulatmg 
the response of the ear. This is quite distinct from its use to indicate a device 
of similar acoustic impedance. 
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amount to taldng the sum of the energies of the equivalent 
tones of common frequency and expressing it as a pure 
tone of that frequency. 

In spite of the doubtful validity of the assumptions 
implied, this method of determining loudness has heen 
used in a number of noise-measuring instruments. It 
was clearly desirable, therefore, to check whether the 
equivalent 800-cycle note calculated on this basis from 
the analysis of a noise does in fact agree with the observed 
equivalent note. 

Table 3 shows the subjectively measured and the 
calculated equivalent 800-cycle notes of a number of 
noises representative of those encountered in engineer¬ 
ing. The results are given in decibels above threshold, 
as it is unnecessary to convert to loudness for this 
purpose. For each source, the analyses on which these 
calculations are based and the direct measurements were 


former noise the agreement between the measured and 
the calculated levels was far less than in any of the 
other cases examined, and it was therefore necessary 
to consider in what respects the transformer noise had 
special distinguishing characteristics. Two such pro¬ 
perties are obvious. In the first place, the trans¬ 
former noise is lower-pitched, that is the loudest 
components are of lower frequencies than are the noises 
usually associated with most other types of machinery. 
In the second place, the transformer noise consists of a 
fundamental and a complete series of harmonics with no 
other components. In order to examine further the 
cause of the large discrepancy between the obsei'ved 
and calculated equivalent 800-cycle intensities and to 
ascertain which of the distinctive properties of a trans¬ 
former noise caused this effect, a series of measurements 
was made on synthetic noises. Various notes of known 


Table 3. 


Complex Noises. Calculated fyom the Summed Equivalent Eneygy and Directly Measured Subjectively by Four Observers 

Using the Technique described in Section 4: {c). 


Source 

Number of 
components 

Frequency range 
of components 

Calculated 
equivalent 
800-cycle note 

Measured 
equivalent 
800-cycle note 

Difference, 
measured— 
calculated 

(1) 225-kW turbo-generator gear, 6 000/1 000 r.p.m. 

(2) 3-phase induction motor, 120 h.p., 750 r.p.m., 


cycles per sec. 

decibels 

above threshold 

decibels 

above threshold 

decibels 

20 

100-5 700 

90 

91 

1 

60 cycles per sec., on load 

12 

120-3 400 

82 

89 

7 

(3) As No. (2), no load, coupled to loading machine 

6 

125-1 080 

79 

84 

5 

(4) As No. (2), no load, uncoupled .. 

6 

130-1 080 

75 

84 

9 

(5) Transformer, 110 kVA, 3-phase, 50 cycles per sec. 

8 

100-800 

45 

76 

31 

(6) Transformer, 150 kVA, 3-phase, 50 cycles per sec. 

9 

100-1 000 

58 

86 

28 

(7) Roller chain, 600 r.p.m. .. 

8 

375-2 480 

65 

85 

20 

(8) Roller chain, 1 000 r.p.m... 

10 

510-6 120 

84 

93 

9 

(9) 1 OOO-kWturbo-generatorgear, 5 000/1 OOOr.p.m. 

23 

100-2 700 

97 

107 

10 

{10) 250-h.p. fan, 90 r.p.m. 

6 

132-3 840 
and bands 

81 

90 

9 


made at the same point. In some cases this point was 
very close to the machine, and therefore these figures 
•should not be taken as representative of the various 
sources. 

It is seen from Table 3 that in all cases the calculated 
value is lower than the measured value. Apart from 
the assumptions already mentioned, this result may have 
been due to some extent to the presence of components 
■outside the frequency range, namely 100 to 6 800 cycles 
per sec., of the analyser that was available, or to the 
•difficulty of analysing and allowing for the " band ” 
components. In these bands the energy is distributed 
fairly uniformly and, so far as can be ascertained with 
an analyser of finite resolving power, continuously, over 
certain frequency ranges. This effect is very much in 
•evidence in connection with noises such as the hissing 
of steam or the rumble of heavy, slow-running machinery. 
It was hoped that these difficulties would be avoided by 
•considering the noise of a transformer, as in that case all 
the components come within the range of the apparatus 
■and are perfectly definite and discrete; 

Table; 3, however, shows that in the case of a trans- * 


constitution were reproduced in a loud-speaker mounted 
in the absorbently lined room previously mentioned, 
a condenser microphone being placed usually at a 
distance of 1 metre from the source. In each case 
the sound field was analysed, so that the frequency 
and the acoustic pressure of each component were known, 
and therefore the decibels above threshold and the 
equivalent 800-cycle note (Fig. 2) could be deduced and 
the summed-energy calculation made. Direct assess¬ 
ments of the noise were also made by 4 sldlled observers 
using an 800-cycle reference tone and the technique 
described in Section 4 (c). 

Notes consisting of two pure tones of equal loudness 
were first examined, and measurements were made with 
one component at twice the frequency of the other and 
also with the components not harmonically related. 
As will be seen from Table 5, the discrepancy was greater 
when the notes were harmonically related, but the discrep¬ 
ancies involved are not large enough to be conclusive. As 
the use of a multiplicity of separately-controlled tones 
introduces obvious difficulties, it was decided to use a 
multivibrator to produce a harmonic series of tones in 
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the loud-speaker. With a fundamental of 108 cycles per 
sec. a considerable discrepancy between the " summed 
equivalent energy ’ ’ and the observed 800-cycle decibels 
was noted, and this was again found when the har¬ 
monic series had a fundamental pf 500 cycles per sec. 
It appears, therefore, that the effect is one of the pro¬ 
perties of a harmonic range of tones and is not peculiar 
to a low-pitched note. The reason for this is not known 
with certainty, but the authors have suggested* that it 
may be a consequence of the non-linear response of the 
ear, involving the production of subjedtive sum and 
difference tones which, in the case of a noise composed of 
a harmonic range of frequencies, would in many cases 
be directly additive to components objectively present. 

This effect has been noticed in connection with 
reference tones of different frequencies, some of the 
results being shown in Table 4. Column (6) of this Table 
illustrates consistent disagreement between measured 
and calculated values due to the harmonic range of 

Table 4. 


Noise Measurement on a l^f)-hVA 50-cycle 0-phase 
Transformer'. Mean of Four Observers. 


(1) 

Cycles 
per sec. 

(2) 

Decibels 

(8) 

Decibels 

Decibels 

(5) 

Decibels 

(6) 

Decibels 

(7) , 

Decibels 

TOO 

34-6 

61 

61 

81 

20 

- 5 

200 

41-5 

66 

69 

82-5 

23-5 

- 3-6 

400 

50 

79 

68 

85 

27 

- 1 

800 

58 

86 

58 

86 

28 

— 

1 600 

68 

87 

58 

87 

29 

+ 1 

3 200 

68 

84 

58 

84 

26 

- 2 


Column (1). Reference frequencies. 

Column (2). Equivalent levels calculated from analysis 
for the frequencies of column (1). 

Column (3). Levels directly measured with reference 
tones of the frequencies of column (1). 

Column (4). Values in column (2) expressed in terms 
of equivalent 800-cycle levels. 

Column (6). Values in column (3) expressed in terms of 
equivalent 800-cycle levels. 

Column (6). Difference between measured and calcu¬ 
lated 800-cycle values. 

Column (7). Difference between measured 800-cycle 
and values of column (5). 

frequencies existing in transformers, while column (7) 
shows that measured values depend to only a small 
extent on the frequency of the reference tone if the 
appropriate conversion is made. 

Two other important effects may be noted. W^’lien each 
of the components of the 600-cycle range is reduced in in¬ 
tensity by roughly 40 decibels the summed equivalent- 
energy figure is also reduced by something like the same 
amount, actually from 83 to 48 decibels; in this case the 
observed equivalent intensity, however, dropped from 98 
to 88, i.e. by only 10 decibels. This shows that the energy- 
summation method yields results which, in the case of 
a harmonic range, deviate more and more from observa- 

* Ffltore, 1933, vol. 182, p. 350. 


tion as the intensity level of the noise is decreased, at 
least as far as levels of 40 decibels or so. It also illus¬ 
trates the enormous reduction of radiated energy which 
is necessary in order to reduce to any appreciable extent 
the noise level of any apparatus such as a transformer 
which produces a harmonic series of tones. (A reduction 
of radiated energy in the ratio 10 000:1 in this case 
reduces the level only 10 decibels.) It also emphasizes 
the distinction between the energy of a sound and the 
energy of the equally loud 800-cycle note, which does not 
necessarily change in the same ratio. The former in this 

Table 6. 


The ” summed equivalent energy " %00-cycle note, and the 
equally loud 800-cycle note observed [using the 
technique of Section 4 [c], for various sounds. 


I 

Sound 

No.* 

Loudest 
component 
frequency, 
cycles per sec. 

Equivalent 800-cycle decibels 

Largest 

com¬ 

ponent 

Summed 

equivalent 

energy 

Mean of 
observa¬ 
tions by 
four 

observers 

Difference (observed— 
summed energy) 

(1) 

181/362 

84 

87 

91 

4' 

• 

(2) 

181/362 

80 

82 

89 

7 


(3) 

108 

92 

92 

102 

10 

Harmonic 

(4) 

500 

80 

83 

98 

15 

relation 

(6) 

600 

45 

48 

88 

40 


(6) 

178/356 

54 

56 

68 

12 


(7) 

147/360 

83 

87 

89 

2 


(8) 

147/360 

79 

80 ■ 

86 

6 

Non- 

(9) 

108 

92 

92 

90 

— 2 

• harmonic 

(10) 

147/362 

62 

64 

68 

4 

relation 

(11) 

180/316 

66 

58 

66 

sj 



* The sounds designated by the numbers (1) to (11) were of the following 


composition:— 

(1) Equally loud tones of 181 and 362 cycles per sec. respectively, and four 

small harmonics. 

(2) As (1), but at lower intensity. , 

(3) Harmonic range; fundamental 108 cycles per sec.; 81 components; pre¬ 

dominating fundamental. 

(4) Harmonic range; fundamental 600 cycles per sec.; 12 components. 

(5) As (4), but at lower intensity. ..... 

(6) Two tones, of 178 and 356 cycles per sec. respectively, having approxi¬ 

mately the same loudness. . j t 

(7) Equally loud tones of 147 and 360 cycles per sec. respectively, and eight 

small harmonics. 

(8) As (7), but at lower intensity. 

(9) Pure tone, 108 cycles per sec. , 

(10) Two tones, of 147 and 362 cycles per sec. respectively, approxunately equal 

in loudness but of lower intensity than (7) or (8). _ 

(11) Equally loud tones of 180 and 316 cycles per sec. respectively. 

case changes in the ratio 10 000:1, whilst the latter 
only changes in the ratio 10:1. 

A further point of considerable interest may be noted. 
In the case of the harmonic series with a fundamental of 
108 cycles per sec. (Table 5) the fundamental was so 
large that the energy of the equivalent 800-cycle tones 
of all the other components was negligible, and the 
“ summed energy ” of the series was the same as that 
of the fundamental alone, i.e. 92 decibels, which was 
10 decibels below the observed value (102). Using the 
fundamental alone on the loud-speaker, the observed 
level was now 90 decibels, representing a change ^ of 
12 decibels caused by the removal of components which 
did not appreciably contribute to the energy summation. 
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It appears, therefore, that, in a harmonic series at least, 
the small components do contribute to the total loudness 
much more than would be expected if the summation 
method outlined were correct, and it therefore follows 
that one or more of the assumptions made are not valid. 
The fact that the discrepancy increases as the level falls, 
indicates that some other function of the energy should 
be summed, but this cannot correct the differences in the 
discrepancies which occur when harmonic and non¬ 
harmonic ranges are considered. The method appears to 
give reasonably accurate results when applied to notes 
having a random frequency distribution of components 
at a high level, but gives considerable errors when applied 
to a harmonic range, these errors being very great indeed 
when the level of such a range is low. Since some 
harmonics are found in practically all noises, some error 
must always be present. The method is clearly not 
suitable for assessing all types of noises, as it would 
very unfairly discriminate in favour of harmonic-range 
types of noise, giving always a fictitiously low result 
when applied to transformer noises. 

It is obvious that the same criticism must apply to the 
" artificial ear,” because this device merely substitutes 
for the analysis of the noise and interpretation of the 
components by the equal-loudness contours, a filter 
system designed to weight the components in the same 
way. The subsequent addition of the weighted com¬ 
ponents on an energy basis is effected by an r.m.s. type 
of meter, so that if the weighting is correct the artificial 
ear should give immediately the same result as the 
analysis and calculation. In addition to the difficulty 
discussed above, however, the artificial ear is still 
further handicapped on account of the non-parallelism 
of the equal-loudness contours. This means that the 
weighting network must be adjusted for the range of 
intensity under consideration and that components out 
of that range will be weighted incorrectly. The latter 
point is not usually important, however, as the loudness 
of a complex noise is generally largely determined by the 
loudest components, those wMch are 10 or more decibels 
smaller contributing little unless present in large numbers. 

An " artificial ear ” constructed by the authors was 
found to confirm the above conclusions. Large errors 
were observed with harmonic ranges, especially at low 
intensities. 

Since for engineering purposes it is clearly essential 
that the method of measurement chosen should be 
applicable to the hum of electrical machines and 
apparatus, the authors decided to discontinue the 
investigation of the objective methods of assessing 
loudness and concentrate on more promising methods. 

Subjective Methods .—It is clear from the brief descrip¬ 
tion given above that balance and masking criteria 
involve quite different aspects of the noise, the former 
yielding the magnitude of the noise ■ and the latter its 
deafening effect upon another noise. The only justifica¬ 
tion for using the masldng criterion as a measure of 
loudness would therefore be that there is a readily 
ascertainable relation between the two results. Fletcher* 
has shown that the relation for pure tones is complex and 
varies over a very wide range. It is therefore not to be 
expected that there will be, in general, any simple relation 
* “ Speech and Hearing.” 


in the case of complex noises. For example, two noises 
of different character but both assessed at 70 decibels 
above threshold by an 800-cycle reference tone may just 
mask 800-cycle notes of 50 and 40 decibels respectively. 
Another objection to the use of the masking method for 
assessing loudness is encountered when considering quiet 
sounds of less than 40 decibels above threshold, because 
in such cases the masking effect is very small and is much 
more dependent on the threshold of the observer than 
the balance method. As a method of noise assessment of 
genera] applicl,tion, therefore, the balance method is far 
preferable, the masldng technique being much better re¬ 
served for its legitimate sphere of determining the maxi¬ 
mum sound which is inaudible in a given background noise. 

Once the method of noise assessment in terms of the 
standard sound which appears equally loud had been 
decided upon, it remained to specify the character of 
the standard and how to apply it, together with the noise, 
to the observer’s ears. 

There are several reasons for choosing as the standard 
a pure tone rather than a complex one. First, a simple 
standard is inherently desirable. A pure tone best 
fulfils this requirement and is capable of precise specifica¬ 
tion and reproduction. It has a known relation to pure 
tones of other frequencies, and shows the simplest relation 
between stimulus and sensation magnitudes. For these 
reasons it has become largely accepted as a standard 
of reference, whether it is used for actual noise observa¬ 
tions or not. The use of a complex reference sound for 
observations has been advocated because of the supposed 
difficulty of balancing a pure tone against a complex 
noise. It will be shown later that the difficulty is more 
apparent than real. Apart from this, a complex 
reference sound, to be advantageous for engineering 
purposes, would have to have components extending 
down to 100 cycles per sec, or lower. This would then 
involve difficulties due to changes in relative loudness 
of the components at different intensity levels. 

Further, it has already been shown that when the 
complex tone consists of a harmonic range of components, 
such as is obtained from some type of current inter¬ 
rupter and a telephone, the relation between the loudness 
of the note and that of the equivalent pure tone cannot 
be predicted. It was therefore decided to use a pure 
tone of specified frequency both as the reference standard 
and also as the working standard. 

Davis* in this country had used an 800-cycle tone, 
whereas other investigators in America had used a fre¬ 
quency of 1 000 cycles per sec. The preliminary work 
with the method showed that some persons had difficulty 
in comparing the loudness of tones differing by more 
than 8 to 1 in frequency. The range of frequencies 
most commonly met with in engineering work extends 
from 100 to approximately 6 000 cycles per sec., so that, 
by choosing 800 cycles per sec., the ratio 8 : 1 is not 
normally exceeded. 

It is shown in Section 2 (b) that notes of 800 to 4 000 
cycles per sec. of the same number of decibels above their 
respective thresholds sound equally loud, so that it could 
not be objected that measurements in terms of an 
800-cycle tone would not be directly comparable with 
. others using 1 000 cycles per sec. and similar technique. 

* Nature, 1930, vol. 126, p. 48. 
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A further important point which will arise later in con¬ 
sidering the various methods of listening to the standard 
sound and to the noise simultaneously is that 800 cycles 
per sec. is the lowest frequency which is definitely free 
from the phenomenon of subjective beats.* There is 
also the advantage that in the region of 800 cycles per 
sec. the range of audible intensities is a maximum. It 
has been suggested that over the range 600 to 1 000 cycles 
per sec. there is an optimum frequency. The spread of a 
number of observations carried out by the authors at 640, 
800, and 1 000 cycles per sec. on typical engineering noises 
showed only a slight reduction of spread for 800 cycles 
per sec. This may be merely a consequence of greater 
familiarity with this reference frequency than with the 
others. In view of the fact that 800 cycles per sec. has 
long been the standard frequency for communication 
engineering it was decided to adopt that frequency for 
the standard reference tone. 

The problem of determining the intensity of the 
800-cycle note which sounds as loud as a given noise 
raises several important questions, both physical and 
psychological. 

At the outset it must be realized that loudness is a 
sensation, not a physical quantity, and that it has no 
existence outside the mind of the listener. The pro¬ 
cedure is to find the physical magnitude of the standard 
stimulus which produces a loudness sensation of the same 
magnitude as that due to the source under observation. 
This judgment of loudness equality is an altogether 
simpler matter than the estimation of absolute loudness 
magnitude. It has been suggested that the term 
” awareness ” is more appropriate than loudness, as the 
experimental procedure is, in fact, to adjust the standard 
stimulus in relation to the noise under observation until 
the observer is not more aware of one than the other. 

If the noise can be started and stopped quickly there is 
the possibility of listening to it and the standard tone 
alternately. If each is heard long enough for a stable 
impression of its loudness to be formed, the only question 
involved is the capability of the observer to retain the 
impression of one long enough to compare with the other. 
The point is presumably covered by repeating the com¬ 
parison in the reverse order a number of times. 

There are two simple ways of producing the reference @ 
tone, one in free space by a loud-speaker and the other 
by telephone receivers. With the alternate listening 
method in non-reflecting surroundings the conditions 
in the two cases are most alike if a loud-speaker is 
arranged near the source of noise, with provision for a 
quick change-over from one to the other. The necessary 
equipment is very much simplified if, instead of the 
loud-speaker, a pair of telephones which can be quickly 
adjusted over the ears is used. 

In practice it is not possible to start and stop the noise 
under consideration quickly enough for the alternate 
listening method, so that it is necessary to investigate 
the effect of listening to the noise and the reference tone 
simultaneously. If this is done by listening to both 
sounds with both ears, the character of the noise heard 
by the operator is different from what he normally hears 
in the absence of the reference tone. From the psycho¬ 
logist’s point of view, the experience of listening to the 
• C. E. Lank: Physical Review, 1926, vol. 26, p. 401. 


two sounds together is a distinct, and generally different, 
experience from that of listening to them separately. 
There is in addition the difficulty of picking out the 
reference tone and comparing it with the sum of the 
components of the other noise. In order to hear the 
noise and the reference standard with both ears, a loud¬ 
speaker is the obvious, but inconvenient, way, a simpler 
way being to use a pair of telephones supported a little 
way from the operator’s ears. The spaced telephone 
equipment, which has been used principally in America, 
has the disadvantage that it has a frequency-discrimina¬ 
ting effect on the noise under consideration, the baffling 
effect of the telephone receivers reducing the high notes 
as compared with the low ones. This effect is illustrated 
by Table 6. 

This Table shows that with a plane wave the effect is 
large only at high frequencies, but tests on a motor and 
on a transformer in a reflecting room giving random 
incidence show considerably larger effects. This phe¬ 
nomenon is quite marked when listening to a noise con- 


Table 6. 

Mean Results of Two Observers Facing 
Source in Non-Reflecting Room. 


Frequency 

Threshold shift with 
receiver spaced in. 

cycles per sec. 

decibels 

400 

0 

800 

0 

1 600 

2 

3 200 

4-6 

6 400 

6 

12 800 

9*5 


taining high-frequency components, if the spaced tele¬ 
phones are quickly adjusted on the head. It follows, 
therefore, that such a noise would, apart from other 
considerations, be assessed lower than it should be. 

Further, to produce by spaced telephones reference- 
tone intensities up to the 110 decibels required for 
engineering purposes needs an inordinately large acousti¬ 
cal output from the telephone (of the order of 20 decibels 
more, or 100 times the power) as compared with a tele¬ 
phone close to the head. The authors do not know of any 
telephone of ordinary construction which would preserve 
linearity under spaced conditions up to such an intensity. 

The alternative method of listening simultaneously to 
the noise and the reference tone is to listen to one with 
one ear and the other with the other ear. This is 
effected by presenting a telephone earpiece to one ear and 
supplying it from a suitable source of 800-cycle current. 
A soft rubber cap on the telephone makes an effective 
seal, so that the amount of noise other than the reference 
tone heard by that ear is negligible (as shown in Table 7). 
The Table shows the insulating effect of a suitably chosen 
combination of rubber cap and telephone, the effect 
being determined by noting the change in threshold 
intensity due to wearing such a telephone and cap on 
each ear. The rubber cap also prevents appreciable con¬ 
duction of vibration from the receiver to the bones of 
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the head. Using a telephone over one ear, the difficulty 
of picking out the reference tone disappears and, when 
it has been adjusted to loudness equality with the noise, 
both ears receive the same level of sound as thfey would 

Table 7. 


Mean Results of Four Observers. 


Frequency 

Threshold shift 

cycles per sec. 

decibels 

100 

11 

200 

10 

400 

11 

800 

22 

1 600 

16 

3 200 

37 

6 400 

29 


when listening normally to the noise. It is felt, there¬ 
fore, that in this method the disturbance from normal 
listening conditions is a minimum. In addition, the 
formation of subjective beats and of objective beats 


(&) Comparison of the Subjective Balance Methods. 

In order to ascertain to what extent the above con¬ 
siderations affect the assessment of the loudness of a 
noise in practice, tests by all the above subjective 
balance methods have been carried out on various typical 
engineering noises. The examples chosen are repre¬ 
sentative of a wide range of intensity in the noise of 
electric motors and transformers. The values given are 
the means of the results of 4 skilled observers. 

For convenience the methods are designated by letters 
as follows; (A) One ear towards noise, other ear covered 
by telephone; noise and reference tone heard simul¬ 
taneously. (B) Same as (A), but heard alternately. 
(C) Reference tone in space; oliserver facing loud-speaker 
and noise; heard simultaneously. (D) Same as (C), but 
heard alternately. (E) Reference tone in space; observer 
sideways to loud-speaker; remoter ear covered; heard 
simultaneously. (F) Same as (E), but heard alternately. 
The check consisted of assessing by method A the 
loud-speaker intensity determined in E or F. 

From the considerations discussed above it might be 
expected that methods A, B, and D, should agree, that 
methods C and E might show an effect due to the hearing 
of the noise and the reference tone simultaneously, and 


Table 8. 

Agreement Between Various Methods of Subjective Balance. Mean of Four Observers.^ 



Method ‘ 

(A) 

(B) 

(C) 

P) 

(E) 

(F) 

Check 

(E) 

Diflerences 

(A)-(B) 

(A)-(C) 

(A)-(D) 

{A)-(E) 

(A)-(F) 

Transformer noise . . 

86 

84 

91 

‘ 80 

86 

84 

84 

2 

- 5 

1 

6 

1 

2 

Spread 

2 

2 

2 

1 

4 

3 

1 

— 

— 

— 

— 

— 

Transformer noise . . 

45 

46 

41 

40 

44 

42 

47 

0 

4 

6 

1 

3 

Spread 

4 

4 

4 

4 

3 

! 1- i 

5 1 

j 

3 

■' 

■ 

■ 




t The values refer to the equivalent 800-cycle intensity in decibels above threshold. 


due to bone conduction* through the head is avoided. 
It is usually easier to make the balance adjustment 
when standing sideways to the source so that the noise 
and reference tone appear to be on opposite sides of the 
observer. This is particularly helpful when there is 
appreciable background noise present, but it must be 
remembered that, in general, the quality and intensity 
of a noise heard sideways is rather different from when 
heard facing the source. 

■ * H. Fletcher; "Speech and Hearing,” p. 193. 


that E and F might show an effect due to the difference 
between the noise heard facing or sideways to the source. 
It might also be expected that the measurements using 
alternate listening to the noise and the reference tone, 
i.e. B, D, F, would show a greater spread of results than 
the others owing to the fading of impressions. 

Reference to Table 8 suggests that, in the cases chosen, 
these expected tendencies, if present, are concealed by 
errors of observation. Although the greatest spread in 
results does occur in method D, it is not so in every case. 
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It appears, therefore, that in dealing with the complex 
noises usually encountered in engineering, the technique 
of balancing the reference tone against the noise is not 
critical. 

It might still be argued that the choice of an 800-cycle 
reference tone made the balance method arbitrary, in 
that different results might be obtained with other 
reference-tone frequencies. As explained in Section 2 (6), 
Kingsbury had demonstrated that two pure tones which 
were separately assessed as being equal in loudness to 
a third pure tone were also equal to each other. It 
remained, therefore, to demonstrate that two pure tones 
which had been separately adjusted to equality in loud¬ 
ness with a complex noise were equal to each other. 
Measurements were made on the noise of a shaft running 
in ball bearings at 1 000 r.p.m. Method A was used with 
reference tones of 100, 400, 800, and 1 600 cycles per sec. 
Table 9 gives the values obtained in decibels above 
threshold at the respective frequencies, and also their 
800-cycle equivalents from Fig. 2. 

The close agreement between the direct and indirect 
assessments shown in the Table confirms that the result 

Table 9. 


Agreement Using Different Reference Tones in Method A. 
Measurements made on the Noise of Ball Bearings.* 


Reference-tone 

frequency 

Assessment 

Values converted 
to 800-cyole basis 

Difference from 
direct 800-cycle 
assessment 

cycles per sec. 

decibels 

decibels 

decibels 

100 

67 

95 

3 

400 

86 

91 

- 1 

800 

92 

92 

— 

1 600 

89 

89 

- 3 


* Assessments given in terms of the thresholds at the respective reference- 
tone frequencies. Means of four skilled observers. 


is independent of the particular reference frequency 
used, provided that the figures obtained are first trans¬ 
lated into terms of a standard frequency. Additional 
evidence on this point is afforded by Table 4, col. 7, 
where the discrepancies observed when measuring the 
noise of a transformer with different reference frequencies 
are given. 

[c] Details of the Method Chosen. 

In view of the results obtained with the various 
modifications of the subjective balance method the 
choice of a method suitable for use in engineering is a 
simple matter. The alternate listening methods B, D, 
and F, are precluded by the impossibility, in general, of 
stopping the source suddenly. Methods C and E, using 
a loud-speaker, would be most inconvenient and expen¬ 
sive, as a very large loud-speaker and power-supply 
unit would be necessary. The method involving the use 
of spaced telephones is ruled out on the grounds of the 
practical difficulty of applying it to large intensities and 
of its effect in attenuating the high-frequency components 
of a noise. We are therefore left with method A, using 
a single telephone. This method has therefore been 
VOL. 76. 


adopted in all the subsequent noise measurements made 
by the authors. 

The power required by a telephone to give an 800-cycle 
note of 110 decibels above threshold is of the order of 
0-001 watt. The possibility of generating this by a 
buzzer and filtering out the harmonics was considered, 
but as constancy of frequency, amplitude, and purity, 
were of first importance, it was decided to use a small 
valve oscillator. A suitable arrangement was developed 
which gave sufficient output to feed a control attenuator 
and telephone with a d.c. input of only 12 volts, 6 mA. 
By suitable design the harmonic content of the output 
of this oscillator was made less than 2 per cent. The 
control attenuator for adjusting the intensity of the 
reference tone consists of a resistance network and tap¬ 
ping switch. The attenuator and oscillator are com¬ 
bined in one box, and two tapping switches are provided, 
one reading from 0 to 100 decibels in steps of 6 decibels 
and the other covering a range of 6 to — 5 decibels 
continuously. This arrangement proves to be very 
convenient, as a smooth variation on each side of a 
roughly determined balance is particularly helpful in 
judging equality. 

The most important requirement of the telephone is 
that it should be linear in its response up to the largest 
amplitudes used. The acoustic pressure generated in 
the telephone is then directly proportional to 1:he current 
input, and there is no harmonic generation. In cah- 
brating the telephone it must be remembered that the 
performance when it is held to the ear is quite different 
from that obtained when it is not. The calibration is 
effected by embedding in the rubber ear-cap a small 
copper tube connected to a microphone, and so measuring 
the acoustic pressure applied to the ear directly. 

In order to relate the threshold pressure under these 
conditions to the free-space value previously determined 
for facing conditions, a series of measurements was made 
using a similar calibrated probe and microphone to 
determine on a number of persons for an 800-cycle note 
in free space the relation between the pressure in the 
opening of the ear and the field pressure in the absence 
of the subject. For 10 subjects the difference varied 
between 2 and 4 decibels with an average of 3 decibels, 
the pressure in the opening of the ear being always 
higher than the field pressure. The pressure in the 
opening of the ear which is taken as the threshold for 
the 800-cycle tone is therefore 3 decibels higher than 
0-000216 dyne per cm^, i.e. is 0-00030 dyne per cm^. It 
is therefore a simple matter to determine the voltage at 
800 cycles per sec. which must be applied to the attenu¬ 
ator in order to make it read directly in decibels above 
this average threshold. Measurements on 10 persons 
have shown that, with a given input to the telephone, 
variations in the generated pressure due to differences 
in the acoustical impedance of the ears do not exceed 
0-5 decibel. Further measurements to check the 
reproducibility of the generated pressure with a given 
person showed that no variations larger than 0-1 decibel 
arose. 

The selection and adjustment of telephones is a highly 
important matter if the calibration is to be permanent. 
The consistency of the telephones used is examined, and 
the most important effect, amounting to a change in 

27 
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sensitivity up to 1 decibel, was traced to the warming 
of the diaphragm and clamping ring after being held 
on the ear for a few minutes. This increase in tempera¬ 
ture presumably alters the elastic properties of the 
diaphragm and the degree of clamping at the edges, but 
as the effect does not amount to more than 1 decibel after 
6 minutes on the ear the matter is not serious. As a 
result of the precautions taken, the permanence of cali¬ 
bration over long periods is satisfactory. A rectifier- 
type voltmeter is provided in the apparatus for setting 
the voltage applied to the attenuator to the calibration 
value. Adjustment is made in coarse steps by tappings 
on the H.T. battery, and continuous control is given 
by the filament rheostat. No great precision in setting 
the voltage is requhed, since it would need an error of 
12 per cent in voltage to cause an error of 1 decibel. 
Since it is on comparatively rare occasions that noises in 
excess of 106 decibels have to be measured, the apparatus 
was made direct-reading up to 106 decibels. The 
linearity of the telephones used has, however, been 
checked in the way described up to 112 decibels. Read¬ 
ings up to this value can therefore be taken by adjusting 
the oscillator to give a higher voltage than the standard 
value and adding a corresponding number of decibels 
to the indications, e.g. doubhng the voltage involves 
adding 6 decibels to the readings. The oscillator is then 
called upon to give the increased output only on rare 
occasions, thus effecting economies in battery consump¬ 
tion, The provision of a voltmeter enables the instru¬ 
ment immediately to be made direct-reading in terms of 
any reference pressure, which may subsequently be 
standardized for national or international use. 

The complete apparatus is contained in a box 
14 in. X 7^ in. x 6|-in. weighing 161b., and can be 
carried by a strap over the shoulders while a series of 
measurements is being made from point to point. In 
this position, and even when the head is still nearer the 
oscillator, no sound is audible from the oscillator, even 
when listening in a silent background, and no sound 
due to direct electrical pick-up from the apparatus can 
be detected in the telephone. Thus, owing to absence of 
noise from the apparatus, all intensities down to the 
lowest can be measured by one observer. 

To sum up, the procedure which the authors have 
adopted is as follows. The observer stands in a repre¬ 
sentative position in relation to the source of noise, and 
with the telephone on one ear presents the other towards 
the source. He then sets the oscillator voltage to the 
calibration value and adjusts the telephone note by 
means of the coarse attenuator until it is obviously 
louder than the noise. He then readjusts until it is 
definitely quieter, and by successively smaller adjust¬ 
ments decreases the interval between the two settings 
until an equal small change in either direction causes 
the two sounds to predominate alternately. The balance 
reading in equivalent 800-cycle decibels is read directly 
from the attenuator scales. The procedure is now 
repeated with the ears interchanged. The mean of the 
two readings can then be converted into loudness by 
means of Fig. 7. 

Practised observers usually agree to within i 1 decibel 
at 100 decibels, the spread gradually increasing to 
rb 3 decibels at 60 decibels. In important measure¬ 


ments, a more representative value may be obtained 
by taking the mean of the results of several observers. 

It has been suggested that aural balance methods 
require critical and experienced observers, and are con¬ 
ditioned by differences in individual thresholds. Table 10 

Table 10. 


Firsi Attempts at Noise Assessments, Equivalent 800- 
cycle decibels. Subjects with sensibly equal ears. 


Subject 

Threshold 

displace¬ 

ment 

Assessment 

True value 
(practised 
observers) 

Error 

A 

7 

80 

80 

0 

A 

7 

76 

77 

- 2 

A 

7 

45 

46 

0 

B 

20 

76 

79 

~ 3 

C 

2 

82 

80 

+ 2 

C 

2 

76 

77 

- 2 

D 

2 

82 

80 

+ 2 

E 

- 2 

87 

86 

-1- 2 

F 

2 

100 

102 

- 2 

G 

6 

76 

77 

- 2 


shows the results of first attempts by 7 persons, some of 
whom have abnormal thresholds. 

It is seen that, in spite of the misgivings often 
expressed, the values obtained by beginners, even by 
those who are slightly deaf, do not deviate seriously 
from those obtained by practised observers. It was also 
thought to be of interest to ascertain what results would 
be obtained by persons deaf in one ear. Table 11 shows 
results obtained by 2 such subjects on the noise of a 
high-speed ventilating fan. R and L signify right and 
left ears covered by the telephone. It is seen that even 
in these extreme cases the results obtained are not 
grossly in error. 

The aural balance method has occasionally been 


Table 11. 

Subjects with Unequal Ears. Equivalent 300-cycle 

decibels. 


Subject 

Threshold 

displacement 

Assessment 

True value 
(practised 
observer) 

Error 

R 

l 

R 

L 

Mean 

H 

1 

64 

2 

97 

77 

87 

93 

- 6 

H 

54 

2- 

65 

9 

32 

38 

- 6 

J 

44 

20 

91 

87 

89 

93 

- 4 

J 

44 

20 

50 

20 

39 

38 

+ 1 


criticized adversely, in the authors’ experience always 
by persons who either have not attempted to use 
it or have not given it serious consideration. The 
method certainly presupposes a desire to obtain an 
unbiased result, and Table 10 shows the degree of con- 
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sistency which can then be obtained without previous 
experience. Nevertheless, practice is desirable, as with 
any other kind of measurement. It is not to be expected 
that complete unanimity will ever be attained, since a 
given stimulus may not produce identical sensations in 
all persons. Nevertheless, the deviation between dif¬ 
ferent practised observers is so small that with quite a 
small number of observers a result sufficiently repre¬ 
sentative for engineering purposes may be obtained. 
As a result of their consideration of the subject, the 
authors have come to the conclusion that the only 
method of noise measurement which is trustworthy for 
general use is an aural comparison method, which involves 
direct reference to the final arbiter, the human ear. 

(5) The Application of Noise Measurements to 
Engineering Problems. 

In this Section a number of questions are dealt with 
which are frequently raised by engineers and others 
concerned with noise problems. ■ 

(a) Typical Loudness Values. 

One point of interest is the position assigned to 
common noises on the decibel and loudness scales. This 
is illustrated in Table 12. 

Columns (2) and (3) have the most .practical interest, 


The decibels above threshold are given in terms of 
the pressure by the expression 20 logj^ {pjp^, where is 
the threshold field pressure for 800 cycles per sec., viz. 
0-000215 dyne per cm^. The relation between the 
loudness and the decibel values is given by Fig. 7. 
The inconvenience of using pressure or energy values as 
an indication of loudness is illustrated by the immense 
ranges involved. 

Turning to more practical considerations, it will be 
noticed how cramped the decibel scale appears. The 
figures do not differ very much for noises which, from 
common experience, difier greatly in the sensation of 
loudness they produce. To take what might be con¬ 
sidered an extreme example, the decibel values would 
imply that the two circular saws make only 3-7 times 
as loud a noise as a watch at 3 ft., whereas on the 
subjective loudness scale the ratio is 160, a figure which, 
at least, is more in accord with common experience. 
Undoubtedly persons experienced in noise measurements 
make mental allowances for the peculiarities of the 
decibel scale as a scale of loudness, but the average 
engineer, client, or other person concerned with noise 
questions, cannot be expected to do so. 

The examples given in Table 12 are by no means 
extreme, as, in electrical engineering, noise problems 
arise on apparatus ranging from large turbo-generators 
to watt-hour meters. Any useful loudness scale must 


Table 12. 

The MagniHides of Common Noises on Various Scales 



! 


Equivalent 800-cycle magnitudes 

(1) 

Loudness 

(2) 

Decibels above 
threshold 

(3) 

Field pressure 

(4) 

Energy flow 

(5) 

Two circular saws at 3 ft. 

160 

no 

r.m.s. dynes per cm2 

73 

watts per cm* 

13 X 10-6 

Loud motor-horn at 100 ft. 

100 

100 

23 

13 X 10-7 

In suburban steam train, window open 

60 

84 

3-6 

3 X 10-6 

Ordinary conversation at 3 ft. .. 

20 

69 

0-65 

1 X 10-6 

In quiet saloon motor-car .. . . 

10 

59 

0-19 

9 X 10-11 

Quiet electric motor (2 h.p.) at 3 ft. 

5 

49 

0-065 

1 X 10-11 

Ticking of watch at 3 ft. 

1 

30 

0-0073 

13 X 10-16 

Threshold of hearing 

0 

0 

0-00022 

12 X 10-17 


therefore apply over this large range. They illustrate 
the kind of difficulty encountered by an engineer who 
attempts to expi'ess loudness in a quantitative manner 
by means of the decibel scale. The difficulties are further 
increased when he attempts to convince a client of the 
validity of the results. The authors have no desire to 
deprecate the use of the decibel scale, but only to 
suggest that its use should be confined to matters to which 
it is applicable. It is not a scale of sensation, but only a 
logarithmic scale of stimulus. There is no question of 
its utility for other purposes, such as in dealing with the 
attenuation of sound due to buildings, a branch of 
architectural acoustics of considerable importance in 
engineering, and in many other instances. 


but it is instructive to note how they are related to 
columns (4) and (5). The pressure values given in 
column (4) are those 800-cycle field pressures which 
would produce the same loudness sensation as the com¬ 
plex noise on an observer facing the source. Column (5) 
gives the sound energy flow per cm^ in an equally loud 
800-cycle field. The values in column (6) are derived 
from those in column (4) by the relation 

TF = ^ X 10-7 
dv 

where W — rate of flow of energy in watts per cm^, 
p = r.m.s. pressure in dynes per cm^, d — density of 
air, and v — velocity of sound in air in cm per sec. 
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(6) Effect of Number, of Sources. 

The total effect of a number of sources operating 
simultaneously has often to be considered in practice. 

It has been suggested that since two similar sources 
emit twice as much sound energy as one, and since the 
number of decibels difference is given by 10 logjo 
where W and Wq are the energy levels in the two cases, 
an increase of 3 decibels is caused whatever the initial 
level: also, that each further doubling of the number of 
machines would add another 3 decibels. This is probably 
true for the equivalent 800-cycle tone as well as for the 
actual tones emitted by sources which can be regarded 
as superimposed point sources emitting pure tones in 
the range 800 to 4 000 cycles per sec. This simple 
rule cannot apply to the equivalent 800-cycle tone 
outside that frequency range, as is evident from Fig. 2. 
The issue is further complicated in the case of a noise 
containing a harmonic range of frequencies, e.g. trans¬ 
former noise. Therefore, in estimating the joint effect 
of a number of sources, the problem is so complex that 
experience must be relied on rather than computation. 

(c) Effect of Distance. 

In considering the effect of distance from the source 
on the sensation of loudness experienced, it should be 


Table 13. 


Distance 

Decibels 

Loudness 

Percentage of 
initial loudness 

metres 

1 

72 

26 

100 

2 

66 

17 

68 

4 

60 

11 

44 

8 

64 

7*3 

29 

32 

42 

2-8 

11 

128 

30 

1-0 

4 

612 

18 

0-3 

1-2 

4 096 

0 

0 

0 


borne in mind that the efiect is simple only in the case of 
a point source emitting a pure tone of a frequency 
between 800 and 4 000 cycles per sec. in free space with 
zero background noise. Under point-source free-space 
conditions the acoustical pressure varies inversely as 
the distance from the source. The effect of doubling the 
distance is therefore to reduce the level by 6 decibels, 
whatever the initial level. Only over the range 800 to 
4 000 cycles per sec. will the equivalent 800-cycle tone 
change by this amount. Table 13 shows the manner in 
which loudness falls off with distance for an 800-cycle 
tone of initial intensity 72 decibels at a distance of 
1 metre. 

It is seen that the rate of decline of level in decibels 
with distance is relatively small, whereas in reality 
loudness declines substantially. Also it is deduced that, 
under the conditions assumed, the sound would be just 
audible at a distance of 2|- miles. In practice this 
figure would be greatly reduced by the inevitable back¬ 
ground noise, as will be discussed later. Supposing the 


background level were 40 decibels, a quite moderate 
figure, the source might be inaudible at 612 metres, 
hardly distinguishable at 128 metres, and not specially 
obtrusive at 32 metres. With non-spherical sources, the 
simple inverse law with respect to pressure holds only 
for distances large compared with the dimensions of the 
source. At shorter distances the pressure may fall off 
more slowly at first, later following the simple law. 
With complex sounds the conditions will be again 
modified. Assuming zero background, on proceeding 
away from the source the various components will 
fade out in succession as their threshold pressures are 
reached, the order in which the components disappear 
depending on their relative threshold pressures and 
initial intensities. Thus the character of the sound 
heard will vary with distance, the ultimate sound being 
a pure tone. Bearing these limitations in mind, how¬ 
ever, Table 13 illustrates the kind of effect that may 
be expected and shows that, if loudness values are to 
be measured to 6 per cent accuracy, the uncertainty in 
the distance from the source should not exceed 16 per 
cent. If the source of sound is placed in an enclosure, 
the conditions may be profoundly changed. The only 
condition under which the simple laws would hold would 
be in an enclosure with highly absorbing walls,* where 
the reflected sound energy would be negligible. Even 
with a moderate amount of reflection, the conditions 
would be far from simple. The conservation of energy 
by the highly reflecting walls of an ordinary brick sub¬ 
station is quite marked in effect, the level inside the 
building being in some cases increased by 6 decibels 
compared with free-space conditions. 

{d) Effect of Enclosures. 

It is not necessary to emphasize the fact that, in the 
case of a source placed in a building, the noise audible 
to a' person outside may be totally different, both in 
composition and in amplitude, from that heard inside. 
The attenuation of sound through the walls of a building 
depends, in general, upon the mass per unit area of the 
walls. An air space does not in itself cause appreciable 
attenuation except so far as it constitutes a discontinuity 
between two walls; hence the thickness of the air space 
is immaterial. With suitable design, the attenuation 
afforded by a building may be 40 or more decibels. Thus 
if an 800-cycle tone of 80 decibels is set up within, the 
resulting level outside may be only 40 decibels. The 
corresponding loudness values are 41 and 2 ♦ 4 respectively, 
showing that a large reduction in loudness can be 
obtained by a suitably designed enclosure. A discus¬ 
sion of the design of enclosures for noise-reduction 
purposes is beyond the scope of the present paper, but 
in many cases it is along these lines that a practicable 
solution to noise problems in distribution apparatus is 
to be found. 

{e) Effect of Noise Background. 

A subject which is of vital importance in making noise 
measurements on machinery and in considering how 
much noise it is permissible for a machine to make in a 
given situation, is the background of noise present. The 

* Engineering, 1933, vol. 185, p. 603. 
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sound sensation from a given source perceived by a 
listener may be greatly modified if another source is 
introduced. It is a matter of common experience that 
one sound can ” drown ” another. Suppose a source A 
which is being investigated is operated in an enclosure 
where no other sound is present. A listener in the 
enclosure will then receive an impression of loudness in 
accordance with the output of the source. If now A is 
turned off and another source B introduced, the listener’s 
threshold may be raised by B owing to the de-sensitizing 
action of the ear, so that if A is now turned on, as well, 


of 80 decibels, some error might arise in the measure¬ 
ment when the background noise exceeded 60 decibels. 
When the background exceeds 70 decibels the conditions 
are unsuitable for measurement. When making noise 
measurements it is therefore essential to ascertain 
whether any extraneous noise present is of sufficient 
intensity to cause error. 

Extraneous or background noise plays an important 
part in the specifying of the noise it is permissible for a 
machine to make. Clearly the obtrusiveness of the 
noise made by a given machine can be greatly modified 


Table 14. 


Typical Noise Levels in Various Surroundings. 




Decibels above 
threshold of 
equivalent 
SOO-cycle note 

Loudness figures 



Erection shop .. 

90-95 

67-82 

Factory .. - 


Steel-tank manufacturing shop 

100 

100 


- 

Wooden-box shop 

95 

82 


r 

Machine room, near large turbo-sets 

100 

100 



Boiler house (mainly steam hissing).. 

90 

67 



Fan room (mainly noise from boiler house) .. 

90 

67 


L 

Pump house 

102 

109 


r 

Busy main street of city 

about 70 

22 



Ditto, with trams passing 

86 

53 



Office on street, weekdays 





Ground floor, windows open .. .. .. 

70 

22 



Ground floor, windows closed 

60 

11 



5th floor, windows open .. 

60 

11 



6th floor, windows closed .. .. . 

60 

5-5 

btreets .. ■ 


Office on street, Sunday morning 





Ground floor, windows closed 

25 

0-6 



5th floor, windows closed .. 

15 

0-2 



Horse cart on cobble stones at 50 ft. ,. .. 

60 

11 



Automobile accelerating at 150 ft. .. 

65 

15-5 



Street in residential district, day 

50 

6'6 



Street in residential district, night .. 

30 

1 



Train, dining car, 60 m.p.h. .. 

80-90 

41-67 

Miscellaneous - 


Ditto, in tunnel .. .. .. .. .. .... 

95 

82 



Locomotive blowing off steam (100 yards) .. 

70 

22 


it may not produce as great a sensation of loudness as it 
did in the absence of B. In other words, A is partially 
masked by B. In order that an appreciable effect may 
be produced, however, B must be comparable in magni¬ 
tude with A. With certain frequency relations, if B is 
made sufficiently large compared with A, A will become 
indistinguishable or will be completely masked by B. 
The relative intensities necessary for complete masking 
depend on the composition of the sounds in question, 
and to some extent on their order of level, but experience 
shows that the necessary difference varies from 15 to 
30 decibels for common noises. Taking a figure of 
20 decibels and supposing a noise under .observation is 


by the masking effect of background noise. Table 14 
gives a number of examples of background noise in 
various surroundings. Obviously it is useless to specify 
specially quiet operation in a motor intended for use 
under conditions approximating to 85 loudness, or 
96 decibels, of background. Almost any motor would 
be unobjectionable, if not inaudible, in such surround¬ 
ings. Except at close quarters, a motor would not be 
clearly audible under these conditions unless it gave an 
intensity comparable with, or greater than, this amount. 

The case of apparatus installed near a main street of 
a busy city is another common example. If it can be 
assumed that the district is non-residential and that 
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periods out of office hours do not matter, we have to 
consider a background varying between 22 and 53 
loudness or 70 and 86 decibels. If the noise emission 
were limited to 70 or even 76 decibels at 1 or 2 metres 
from the source, the noise would be unnoticed for most 
of the time at greater distances. On the other hand, if a 
neighbouring hotel has to be reckoned with, greater pre¬ 
cautions will be needed, combined with a consideration 
of how far distance and the screening effect of adjacent 
buildings are likely to be of assistance. At certain hours 
of the night the background may be as low as 1 loud¬ 
ness or 30 decibels, so that an altogether lower level of 
noise emission would have to be aimed at. The same 
conditions arise in quiet residential districts, and, unless 
apparatus of entirely abnormal design is to be used, some 


form of enclosure is required if the problem is to be 
adequately dealt with. 

In conclusion, the authors wish to record their appre¬ 
ciation of the ready co-operation of members of the 
staff of the Metropolitan-Vickers Electrical Co. during 
the course of the research, particularly Mr. A. S. Ennis, 
who carried out much of the experimental work, and 
those who patiently spent considerable time and trouble 
on the observations on the properties of the hearing 
system. Their thanks are also due to Mr. A. P. M. 
Fleming, C.B.E., M.Sc. (Director of Research), Mr. J. S. 
Peck (Director and Chief Electrical Engineer), and 
Mr. K. Baumann (Director and Chief Mechanical 
Engineer), for their continued interest and support and 
for permission to publish the paper. 


Discussion before The Institution, 8th March, 1934. 


Dr. A. H. Davis; The authors have dealt compre¬ 
hensively with a particular aspect of the noise problem. 
They have redetermined the threshold of hearing, and 
their results agree largely with recent work by Sivian 
and White; they have checked Kingsbury’s curves re¬ 
lating to pure notes of equal loudness; and they have 
arrived at conclusions, in regard to the instrumental 
technique of aural measurements of noise, with which 
I am in general agreement. Towards the end of the 
paper they deal with the evolution and value of a purely 
subjective scale of loudness. It would be useful to know 
how the particular scale they have evolved compares 
with similar scales which have been set up by other 
observers in the same field; and it will be interesting 
to see whether an agreed scale would be helpful. At 
the National Physical Laboratory we have varied con¬ 
tacts with the noise problem. We have worked on noise 
in aircraft, trains, omnibuses, streets, offices, factories, 
flats, and hotels; the noise of vacuum cleaners and motor 
horns; and we have measured the transmission of noise 
through partitions, floors, ducts, silencers, and exhaust 
systems. In almost all cases the object of noise measure¬ 
ment has been noise suppression, and we have found an 
audiometer scale on a logarithmic basis (the decibel scale) 
to be convenient. In Section (6) the authors say that 
they “have no desire to deprecate the use of the decibel 
scale, but only to suggest that its use should be confined 
to matters to which it is applicable.” With this one 
would agree, but it is equally true that the use of their 
subjective scale should also be confined to matters to 
which it is applicable. It is possible to challenge the 
authors’ statement that the decibel scale “ is not a scale 
of sensation, but only a logarithmic scale of stimulus.” 
Surely, if the purely subjective scale is a scale of sen¬ 
sation, so is the decibel scale; for Fig, 7, in showing a 
relation between the two scales, implies that if one is 
a loudness scale the other must be a loudness scale also. 

I am hesitant to agree with the authors’ apparent claim 
that their subjective scale gives the layman a better idea 
of loudness problems than the decibel scale. For one 
thing, it will not be trouble-free. People will ask whether, 
on the subjective scale, the sound emitted from two 
identical sources will be double the sound from one. The 
answer is, “ No.” Nor is there any simple relation. On 
the decibel scale doubling the distance means subtracting 


a certain number of decibels from the loudness, according 
to the nature of the sound, but there is no such simple 
relation on the subjective scale. Again, the authors 
describe two subjective scales, one built up of perceptible 
increments in loudness and another based on assessing 
mentally when one sound should be regarded as twice 
as loud as another. The authors have rejected the in¬ 
cremental scale, and have selected, as more helpful, the 
one based on mental ratios. They will, however, prob¬ 
ably encounter persons who find the rejected conceptions 
more helpful. For instance, last night I noticed that 
a ticking clock—unit loudness on the authors’ scale— 
was about as loud as a gas fire, and that, by turning the 
control tap, I could reduce the loudness in 10 quite 
distinguishable steps. Thus 1 unit of loudness was 
divisible into 10 increment steps, and questions may 
well be raised about the magnitude of those steps on 
the authors’ scale. No scale is free from misinterpre¬ 
tation, but some are more useful than others. I suggest 
that the following are the points in favour of the decibel 
scale. Nature works more or less on a logarithmic basis 
in the transmission, attenuation, dissipation, insulation, 
and absorption of sound. On the decibel scale a par¬ 
tition between two rooms will reduce the loudness of a 
sound by a certain number of decibels, largely (if not 
quite) independent of the initial decibel value. With 
the authors’ scale, on the other hand, the position is 
more complicated. A partition might reduce a certain 
loud noise by 30 loudness units; but if the sound had 
been initially one-fifth as loud the partition would only 
have reduced the loudness by 9 units. To take other 
examples, ventilation ducts and speaking-tubes give an 
attenuation of a certain number of decibels per foot run; 
tuning-fork decay is nearly constant when measured in 
decibels per sec.; and insulating supports and exhaust 
silencers tend to reduce the loudness of noises by a fixed 
number of decibels. No such tendency to constancy 
would appear if the authors’ subjective scale were em¬ 
ployed. Engineers will almost certainly use the decibel 
scale whenever they propose to act on the measurement.s. 
obtained, and the introduction of a purely subjective 
scale as well may lead to confusion. Measurements made 
at the N.P.L.—either by means of an audiometer cali¬ 
brated in decibel steps, or by means of a tuning fork, 
using a method which I suggested some time ago—show 



SPECIAL REFERENCE TO ENGINEERING NOISE PROBLEMS; DISCUSSION. 423 


that sound becomes painful at about 120 decibels above 
threshold; that a pneumatic drill gives a noise level of 
about 90 decibels above threshold; trams, omnibuses, 
and trains, give levels of the order of 60 to 70, a quiet 
restaurant 40, a clock ticking 30, a quiet garden 20, and 
a whisper about 10. These numbers enable one to obtain 
a good idea of what is meant by any given loudness on 
the decibel scale, and make interpretation by laymen 
reasonably simple. For instance, the Aeronautical 
Research Committee, in reducing the noise of aircraft, 
found that the noise level of some of the machines with 
which they had to deal was about 110 decibels—an 
almost painful level. In others it was 90 decibels; this 
was quieter, but still in the region of the pneumatic drill. 
They held before them the aim of reducing the noise 
level to that in a train (60 or 70 decibels), and had, in 
the decibel scale, numbers which revealed the progress 
made. From this point of view I see no great difficulty 
about the decibel scale, provided that a certain number 
of everyday measurements are available to enable a lay¬ 
man to interpret it, I should be glad to have the authors’ 
views on my suggestion that the usefulness of logarithmic 
scales is so great that they are certain to be used, and 
that it would perhaps be confusing, rather than helpful, 
to give prominence also to a scale based upon purely 
subjective estimates. Finally, although I strongly sup¬ 
port the free use of a logarithmic scale of equivalent 
loudness, such as that called the decibel scale, I am 
equally strongly of the view that the terminology at 
present employed is unfortunate and misleading. There 
are two different quantities, each called a decibel. One 
relates to power ratios in the noise itself, the other to 
power ratios in a note heard in the telephone earpiece 
of an audiometer, and judged to be as loud as the noise. 
The ratios are not necessarily the same, and they should 
not both be expressed in decibels. I suggest that when 
purely logarithmic power ratios are concerned, i.e, in 
connection with intensity, a decibel change could with 
advantage be called a decibrig—after Briggs, who in¬ 
vented logarithms. On the other hand, a loudness- 
change corresponding to a 1-decibrig (or 1-decibel) change 
in the intensity of the note in the telephone earpiece of 
the audiometer could (following German practice) con¬ 
veniently be called a "phone" (or "phon”). Thus a 
phone (or phon) would be the loudness change associated 
with a I-decibrig change in the intensity of the audio¬ 
meter note heard in the telephone earpiece. A nomen¬ 
clature such as this would eliminate the present double 
meaning of the decibel, which is disastrous to an easy 
understanding of the important subject of noise measure¬ 
ment and control. 

Mr. W. West; The collection and presentation of 
subjective data such as that given in the paper, requires 
a great deal of skill and patience; a large number of 
tests on a large number of subjects are usually required, 
and it is opinions or perceptions rather than facts that 
are recorded. Even in the determination of thresholds 
or of minimum perceptible changes, the quantity being 
measured is under the influence of anything that can 
affect the subject’s powers of perception, and the tech¬ 
nique of making the test is itself such an influence. As 
a matter of principle I regard subjective data as being 
particular to the technique employed in the tests. As 


a result of the tests recorded on page 416 the authors 
conclude that for these tests the technique is unim¬ 
portant. This may well be the case, but it does not 
alter the principle that it is unsafe to make such an 
assumption without sufficient proof of its validity. For 
these tests it seems that the authors changed only the 
method of listening, not the method of obtaining a 
balance, and they employed practised observers and 
sustained sounds. Much technical literature has been 
published relating to methods of measuring noise, but 
little has been said as to exactly why noise is measured 
in particular cases, and to what use the information 
obtained from the measurements can be put. We are 
concerned both with the energy emitted by the source 
and with effects on hearing, which may be of annoyance 
or of impairment of hearing. Noise is infinitely variable 
in time, space, and character, and a wide scope for 
individual treatment of different noise problems is 
necessary. The Post Office is concerned with the 
measurement of noise, primarily because of the masldng 
effect of noise on telephone conversations. This effect 
can be greatly enhanced when there is severe side-tone, 
i.e, local transmission from microphone to receiver. 
Consequently it is now as a matter of routine that tests, 
such as articulation tests, for gauging the quality of 
telephone transmission are carried out in the presence 
of noise. These laboratory tests are made with con¬ 
trolled room-noise, variable in intensity or character at 
will, and reproduced by loud-speakers. 

Our present method of measuring loudness of noise 
is similar to that arrived at by the authors, except that 
the standard frequency is 1 000 cycles per sec., and the 
attenuator is graduated in 6-decibel steps. It is easier 
to use an audiometer with wide steps, and I prefer to 
rely on a large number of easily-made observations than 
on fewer observations worldng to a narrower margin. 
We have recently carried out a number of measurements 
on a controlled noise at different intensity levels by dif¬ 
ferent methods of balancing; wide variations have been 
found with some methods, even on the average results 
of several observers. The most consistent results were 
obtained using a technique similar to that described 
by Fletcher and Munson,* involving alternate listening 
to the audiometer tone and the noise. This method 
measured the noise at a level 2 or 3 decibels lower than 
the best results obtained with simultaneous listening. 
I note that in Table 8 a comparison between the simul¬ 
taneous and alternate methods of listening shows the 
same tendency. I contemplate basic loudness measure¬ 
ments of controlled sounds in the laboratory by a suit¬ 
able subjective method, using several observers, and the 
use of the controlled sounds for calibrating apparatus 
—^whether subjective or objective—-suitable for general 
use for loudness measurements. If the controlled sound 
is sufficiently similar in character to the noise to be 
measured, there is much to be said for an objective 
measurement, and claims have recently been made for 
the performance of certain objective apparatus in imi¬ 
tating aural loudness balances for a great variety of types 
of noise. In particular I would mention the recent work 
of Steudel,t who has studied loudness on the basis of clicks, 

* Journal of the Acoustical Society of America, 1038, vol. 5, p. 82 (Appendix A). 

■f Hochfrequenz-iechnih and Elekiroakusiih, 1933, vol. 41, p. IIG. 
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which, when repeated with sufficient rapidity, become 
a sustained sound. He concludes that the wave-form is 
important in regard to loudness, i.e. for complex tones 
the phases matter as well as the magnitudes of the com¬ 
ponent simple tones. Does not this account for the 
failure of the “summed equivalent energy” computations 
shown in Table 3? Certainly our studies of clicks in 
telephone receivers have shown that, for different types 
of clicks, the loudness and energy are not related. 

Mr. A. B. Howe: I am particularly interested in the 
authors’ curves relating loudness to stimulus expressed 
on the decibel scale, because, for example, in trying to 
estimate what increase of power to a loud-speaker would 
be required to produce a given desired increase in loud¬ 
ness I have found that the bases for estimation provided 
either by the Weber—Fechner law or by the possible direct 
relation between loudness and energy are unreliable. 
It remains to be seen whether the curves shown by the 
authors in Fig. 7 form a more reliable basis. As regards 
the reproduction of music, this is somewhat doubtful 
because the authors themselves show that caution is 
necessary before conclusions can be reached, on account 
of the disturbing efiect of combinations of sounds of 
different frequencies, particularly when these are in 
harmonic relationship. With regard to the properties 
of the oscillator which is employed to provide the stan¬ 
dard tone, I note that filament control is used to get 
a fine variation of output. I should like to ask whether 
changing the filament temperature in this way does not 
vary the harmonic content of the tone. A condenser 
microphone is used for investigating the loudness of 
sounds, and the measurements are made in reverberant 
surroundings where sounds reach the microphone from 
all directions. Are the polar diagram of the micro¬ 
phone, and its relation to frequency, taken into account ? 
As part of the sound energy reaching the microphone 
is reverberative and part comes directly from the source 
of noise, it seems to me that the direction in which the 
sensitive surface of the microphone is pointing must have 
a measurable effect on the results obtained. I am in¬ 
terested in the statement that deaf or partially deaf 
persons using the audiometer obtained practically the 
same results as those with normal hearing. I can quite 
understand this if the people who were making the 
measurements were equally deaf over the frequency 
range, but tone deafness is, I think, a well-authenticated 
phenomenon. For example, a person who happened to 
be particularly deaf over a range of frequencies including 
the standard reference tone of 800 cycles per sec. would 
surely obtain erroneous measurements if he were ob¬ 
serving sounds the frequencies of which were outside 
his range of deafness. The statement is made that 
the sound level inside an ordinary brick substation is in 
some cases increased by 5 decibels compared with free- 
space conditions. The Research Department of the 
B.B.C. have made some rough calculations in relation 
to the ratio between the direct sound reaching the micro¬ 
phone in a studio, and the reverberative sound coming 
from the walls, floor, and ceiling. The studio had a 
volume of about 125 000 cub. ft., and at a distance of 
20 ft. from the source the calculated value of the indirect 
sound intensity was approximately 5 times that of the 
direct sound, or 7 decibels above it. In a studio such 


as that under consideration the mean sound absorption 
of the walls is of the order of 20 per cent, whereas in a 
brick substation 5 per cent would be more nearly the 
correct value. In the latter case the reverberative sound 
intensity would be 4 times as much, so that the figure 
would be 13 decibels, and the sound intensity would 
therefore be 20 times that under free-space conditions. 
I am surprised that the authors should suggest a figure 
so low as 5 decibels. Our experience confirms the state¬ 
ment that the mass per unit area of the wall is the main 
factor in providing freedom from sound transmission. 
To obtain soundproof conditions we use walls of very 
solid brickwork. Where this is impossible, an improve¬ 
ment in the soundproof qualities of a light partition can, 
however, be achieved by the use of some of the absorbent 
materials, such as mineral wool, which are commercially 
available. 

Mr. W. E. M. Ayres: The authors appear to have 
viewed the question of noise measurement entirely from 
a subjective point of view. They pay considerable 
attention to measurement of the threshold of hearing, 
which is of little practical importance. I should prefer 
to eliminate the subjective term and speak of an “ agreed 
threshold,” which might be any properly defined physi¬ 
cal unit, reproducible in any well-equipped laboratory. 
Similarly on page 402 the authors state that “ the former 
seemed much more than ‘ twice as loud ’ as the latter ” 
(referring to 90 and 45 decibels respectively). Why 
should this not be the case ? The decibel scale is a 
physical logarithmic scale of sound pressures, not a sub¬ 
jective scale of loudness values. It would be as reason¬ 
able to complain of a thermometer scale because 90° C. 
feels more than “twice as hot” as 45° C. When so 
many acoustic phenomena are quantitatively logarithmic, 
there is considerable reason for retaining the decibel unit, 
and incidentally the authors have made the whole of 
their paper intelligible in terms of such a unit. The 
proposed loudness scale has the unfortunate result of 
transferring the alleged compression into the most useful 
part of the scale. Fig. A shows side by side the " noise 
thermometer reproduced from Dr. Kaye’s paper* and 
(on the right) the same transferred to the proposed loud¬ 
ness scale. Some dotted lines have been drawn across 
the diagram in the 40-50-decibel region, representing 
a few complaints concerning electrical apparatus in resi¬ 
dential districts. It will be seen that these would become 
unintelligible in a very congested region on the proposed 
loudness scale. The only use for this loudness scale is 
as a side-by-side comparison to explain average sub¬ 
jective values to persons otherwise unfamiliar with 
acoustical matters. When the authors come to noise 
measurement they recommend universally an aural 
balance method at 800 cycles per sec., yet they admit 
that this " presupposes a desire to obtain an unbiased 
result. One cannot, however, make such assumptions 
in cases of dispute. Mr. West stated that the controlled 
noise should be of the same type as the noise to be 
measured, and this agrees with my experience. For 
complex noises I prefer to test against a complex tone; 
but m this case for practical (not laboratory) purposes 
I find masking to give the most consistent results.' On 
the other hand, when balancing a complex tone against 
♦ Report of the British Association, 19S3, p. 35G. 
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a pure tone noise, or a pure test note against a complex 
noise, I find that an aural balance is better. When this 
type.of test is employed identical readings can be ob¬ 
tained by trained and untrained observers. Tests of 
this sort have settled disputes of 6 months’ standing at 
one demonstration. The psychological aspect, however, 
has not been settled. Whatever one may do to persuade 
a person about the audibility of a disputed noise, it is 
impossible to persuade him that it is less annoying—and 
here the questions of general health and willingness to 
agree become prominent. 

Mr. D. B. Hoseason; My work has to do with heavy 
rotating machines, and for the last 5 years I have been 
doing my best to use the decibel scale. As the result 
of my experience I wish to support strongly the use 


units vertically, I find that 80 decibels correspond to 
about 62 arbitrary units and 60 decibels to 39 arbitrary 
units. Comparing this with Fig. 7, I find 40 of the 
authors’ loudness units instead of 62, and 10 instead of 
39. It is disconcerting to find that the two scales of 
sensation do not give the same result, and I should like 
to ask the authors what are the grave psychological 
objections to Fig. 4 which they mention. An important 
point in favour of Fig. 7 is that the numerical values 
of the standard and mean deviations from 25 loudness 
units and upwards (Table 2a), are of the same order as 
those for the threshold of audibility given in Table 1. 
As most of the previous speakers seem to accept the 
threshold of audibility, and as the standard of devi¬ 
ation is much the same farther up the scale, what 
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by engineers, when dealing with laymen, of a loudness 
scale based on sensation. The opposition of previous 
speakers to Fig. 7 is, I think, based on the fact that 
it is a scale of sensation and is therefore not absolute. 
I suggest that the decibel scale is also in reality a scale 
of sensation, because its zero point, the threshold of 
audibility, is a sensational point. If the threshold value 
is accepted from tests of sensation, why cannot we accept 
the rest of the sensation curve ? I know that in actual 
fact it does not matter where the threshold is set, but 
we use the words “ threshold of audibility ” to give the 
layman some idea of where the scale starts, and I suggest 
that it is wrong to build a scale of stimulus on a founda¬ 
tion of sensation. With regard to the numerical values 
of Fig. 7, I have tried to see why Fig. 7 should not 
compare with Fig. 4. By replotting Fig. 4 with 100 
decibels on the base line corresponding to 100 arbitrary 


objections can there be to using a sensation scale over 
the part in which we are interested ? High-speed motors 
and generators are particular offenders in regard to noise, 
and recent improvements in these machines go far to 
support the use of the authors’ sensation scale. To take 
the specific case of boiler feed-pump motors of the order 
of 500 h.p. at 3 000 r.p.m., 5 years ago one would have 
had great difficulty in obtaining a machine of this t 3 q)e 
with a noise level below 108 decibels. Two years ago 
such a machine could have been obtained with a level 
of 102 decibels above threshold. A fortnight ago the 
figure of 96 decibels was achieved. On the decibel scale 
this reduction only amounts to 12 per cent; in terms 
of Fig. 7, however, the boiler feed-pump motor of 5 years 
ago had 140 loudness units, that of 2 years ago had 107, 
the present one has 84, and the reduction in loudness 
is 40 per cent, a figure much more consistent with the 
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amount of money which has been spent in reducing the 
noise emitted by these machines. 

Mr. E. T. Norris: The problem of noise measure¬ 
ment has only recently come into prominence in electrical 
engineering, and until then remarkably little progress 
had apparently been made in regard to solving it. Fig. 7, 
which concerns loudness units, the fundamental item in 
the study of noise measurement, is a complete departure 
from existing ideas on noise measurement, and so far 
it has not been subjected to violent criticism. With 
regard to the subjective method of noise measurement 
that takes up the latter part of the paper, it seems to 
me that in Table 10 the authors are either unduly opti¬ 
mistic or extremely lucky. I find that ordinary people, 
using one of these instruments for the first time, cannot 
obtain readings even within 2 or 3 decibels. This sub¬ 
jective method of noise measurement is well adapted 
to the measurement of what are relatively point sources 
of noise, such as vacuum cleaners or motors, but it is 
not nearly so easy to apply it to noise sources of large 
dimensions, such as transformers. By walldng round 
a transformer and taking readings very close to it with 
an instrument of the type used by the authors, which is 
often all that can be done when dealing with a trans¬ 
former in service, one does not measure the noise emis¬ 
sion from the transformer in the sense in which local 
residents are interested in it. Such readings merely 
reveal the local characteristics of the tank in regard to 
noise emission. I suggest that the distance of the ob¬ 
server should be at least 6 times the greatest linear 
dimension of the elevation of the object under investi¬ 
gation. Even at this distance, one is still only measuring 
the noise that is radiated from the transformer horizon¬ 
tally at the average height of a man’s ears, and this is 
not usually, in the case of apparatus installed in the 
open air, what is of importance; very often other appara¬ 
tus, or low walls, cut off the noise in that direction. 
Some years ago we made a study of this problem and 
came to the conclusion that the best and most suitable 
.standard position for measuring noise was 25 yards away 
and 15 feet high. Noise is usually the most objection¬ 
able to local residents, and particularly so at night when 
the residents are in bed. The 15 feet represents the 
average height of a bedroom. The distance is not im¬ 
portant, but the height is; because when one is measuring 
noise near the ground very close to a large object such 
as a transformer, one does not receive any of the noise 
emitted from the cover, an all-important factor in the 
case of a bedroom or other position high up. The 
apparatus we finally adopted for measuring the noise 
emitted by large objects embodies, as the noise-sensitive 
device, a microphone mounted on a tripod. The appara¬ 
tus forms a complete noise-analysing and measuring set; 
it is portable, and as far as possible is always installed 
20 to 25 yards from the transformer. It automatically 
provides the standard height. 

•Mr. R. A. Bull: I am particularly interested in the 
authors’ statement to the effect that they are not aware 
of any valid method for the evaluation of subjective 
loudness, assuming that the constituent components of 
the noise are known. It is probable that, for the pur¬ 
pose of discussion, the ear can be considered to act in 
the following manner. When presented with a complex 


noise the aural mechanism behaves as an analyser, re¬ 
duces the noise to its simple components, assigns to each 
component a magnitude of auditory sensation, and finally 
sums these magnitudes arithmetically. The final sum¬ 
mation is what we call loudness. The magnitude of the 
assigned auditory sensation for any component is depen¬ 
dent on the absolute frequency, the absolute intensity 
level, and the position of the component in relation to 
other components. It therefore appears that if we could 
obtain relationships that would permit us to evaluate the 
magnitude of the auditory sensations, we should have 
available a method for the calculation of subjective loud¬ 
ness. Such a method of evaluation was given in a recent 
paper by Fletcher and Munson,* and some experimental 
work in this country has shown their process to be valid. 
Thus by analysing a steady complex noise, applying the 
magnitude of the auditory sensation for each individual 
component (taking into account masking), and finally 
summing these magnitudes arithmetically, we are able 
accurately to evaluate loudness. I should like to ask 
the authors whether they have considered using the scale 
of Fig. 7 as a method of evaluating loudness along these 
lines, and whether they obtamed agreement with sub¬ 
jectively observed loudness. If it is true that when con¬ 
sidering a complex noise the ear sums the magnitude of 
the auditory sensation of each component, then it would 
appear that evaluations of subjective loudness by arith¬ 
metical summation of the intensities of the components 
would lead to erroneous results. This may be a possible 
explanation of why the authors obtain large discrepan¬ 
cies between summed equivalent-energy calculations and 
subjectively-observed loudnesses, for tones having the 
components in harmonic relationship. For example, it 
is noticeable in Table 5 that the greatest differences 
between the summed equivalent-energy column and 
the subjective-observation column occur with a large 
number of harmonic components present. If these 
components are small on an energy basis compared with 
the fundamental, their contribution in the calculation 
is negligible, but their contribution on the basjs of the 
magnitude of the auditory sensation may be appreciable. 
The fact that closer agreement has been obtained with 
non-harmonic relationship between the components is„ 
I would suggest, not a function of the fact that the 
components are in non-harmonic relationship, but a. 
function of the small number of components which were 
present. I should welcome the authors’ comments on 
this point. 

Mr. D. A. Oliver: Fig. 7 represents a part of the 
data required in correlating subjective impressions- with 
objective measurements. At the Research Laboratories, 
of the General Electric Co. we have found it necessary 
to consider the subjective effect of various objective 
changes in intensity, whether it be the sound of music 
in a room or whether it be in the assessment of noise. 
I should like to mention first the method of building 
up a scale of numbers purporting to represent subjective 
loudness, as given in Fig. 4. It seems reasonable to., 
assume that if we assessed each perceptible increment 
in loudness as a step in the loudness scale we should get 
a result which ought to agree with the guessed or esti¬ 
mated loudness; but when that process has been carried 

* Journal of the Acoustical Society of America, 1933, vol. 5, p. 82. 
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out it is found that the curve of Fig, 4 does not agree 
with that of Fig, 7. The test of the validity of Fig. 4 
is the result shown in Fig. 7. Carrying out the same 
process on some results given in 1928 by Fiesz,* i.e. 
converting his minimum perceptible-energy steps into 
decibels and performing the integration, gave a curve 
substantially the same as that of Fig. 4, which was 
derived from independent measurements made by the 
authors. Another remarkable feature was that going 
up the ladder of perceptible steps at 1 000 cycles per 
sec. to the 100th arbitrary point, and carrying out the 
same process again at 4 000 cycles per sec., gave two 
curves that very nearly coincided. This seemed to be 
a justification for the use of Fig. 4 for that purpose, but, 
as we know from Fig. 7, Fig. 4 is not confirmed by 
experience. The arbitrary numbers given in Fig. 4 are 
related to the decibels above threshold or sensation level 
(the ” stimulus level," as the authors call it) by a simple 
square law multiplied by a constant. Turning to Fig. 7, 
the sensation-level figure, raised to the fourth power, gives 
a reasonably good fit with the authors’ observed curve. 
This means that the readings of any acoustic meter which 
is calibrated in the orthodox way on the basis of decibels 
above threshold could be simply related to the scale 
proposed by the authors by raising the observed value 
to the fourth power and multiplying by 10“®. It is in¬ 
teresting to note that the estimate of the rate of change 
of subjective loudness with the initial intensity of the 
sound varies as the cube of the sensation level, and there¬ 
fore the effect of a 1-decibel change at a level of 20 
decibels above threshold is only 1/126 of that of a similar 
change at 100 decibels. Another simple deduction is 
that the authors’ observed curve (Fig, 7) is practically 
a square function of the step-by-step or integrated-loud¬ 
ness curve. 

Mr. A, C. Hutchinson; The authors’ contribution 
to the subject is the most outstanding since the time 
of Lord Rayleigh, while their scale of numerical values 
is epoch-making in that it is a psychological measure¬ 
ment as much as a physical measurement. Another 
outstanding point of the paper is that the summation 
of the energies in a complex sound does not give a 
measure of the noise made by that sound. Speaking 
from the point of view of the mechanical engineer, who 
is as much concerned with noise as the electrical engineer, 
I consider that the whole subject has been made rather 
rannecessarily complex, the decibel scale, as is shown by 
the example quoted on page 419, being particularly mis¬ 
leading. A further objection to the use of the decibel 
in sound measurement is that two distinct physical 
entities are considered, namely sound pressure and energy, 
and that the decibel is used indiscriminately as a unit 
for both. As another instance of an avoidable complexity 
I should like to criticize Fig. 2, which gives the decibel 
value of each note above its own threshold. Before the 
results can be easily interpreted it is necessary to add on 
to each curve its own threshold value; for instance, the 
100-cycle curve has a threshold shift of about 24 decibels. 
Thus, to obtain the true intensity values, one has to add 
a different number of decibels to each curve. When 
this has been done by displacing each curve horizontally 
to the extent of its threshold shift, one obtains the 

* PAysicai flm'CT, 1028, vol. 31, p. 8G7. 


curve shown in the lantern slide, and this demonstrates 
quite clearly that though the sensitivity of the 
ear to low notes is low at low intensities, at higher 
intensities it becomes almost constant, and, in fact, even 
exceeds that associated with the 800-cycle standard. 
This point is very significant, and is not well brought 
out by Fig. 2 in its original form. It has generally been 
assumed that the ear is very much more sensitive at 
800 cycles per sec, than it is at 100, but apparently this 
is only true below intensities of 50 decibels, which noise 
level is too low to be of much engineering importance. 
The firm by whom I am employed recently produced 
a geared turbo-generator which was almost as noisy as 
that dealt with in Table 3. We attacked the trouble 
in two ways; by improving the gear teeth, and by trying 
experiments with blanketing. The outstanding result 
of the latter experiments was that enclosing the gearbox 
in an additional casing of cast iron lined with felt made 
no appreciable difference, yet, when one then put one’s 
ear against the gearbox casing, no noise appeared to be 
coming out of it. By means of a stethoscope it was 
discovered that the noise was not emitted only by the 
gearbox but came from all over the machine, including 
the baseplates. This result suggests that noise in heavy 
machinery starts from blows which take place inside; 
these set up sound waves in its material which travel 
throughout the structure until they find convenient 
radiating surfaces from which to emerge. From ten¬ 
tative theoretical considerations, now confirmed by Fig. 7, 
it was concluded that even a very large reduction in 
noise energy, such as was effected by blanketing the 
whole of the gearbox in this instance, only reduces the 
loudness level extremely slightly. According to a recent 
article by Mr. Colebrook,* the loudness figure varies 
roughly as the square root of the sound pressure, which 
is equivalent to the fourth root of the sound energy. 
Whence, if the gearbox emitted 95 per cent of the total 
sound, its complete blanketing would only just halve 
the noise, whilst the blanketing of the whole machine 
would have to be 99 • 6 per cent perfect to reduce it to 
one-quarter of its original value. Taldng background 
noise into account provides an explanation of another 
observation, namely that even if considerable changes 
in noise appear to take place near the machine, at a 
distance they are barely distinguishable. It would appear, 
therefore, that two cardinal principles to be observed in 
experiments on noise reduction are: (a) The results of 
an experiment must be judged at close quarters; (b) If 
blanketing is attempted it must be carried out very 
thoroughly, all the noise-emitting surfaces being located 
and covered. 

{Cow/yyiufiicated) The authors’ approximate formulae 
may be supplemented by the expression 

Loudness = 3 000 — 0 * 303 

where W is the rate of energy flow in watts per cm^. 

which, though very inaccurate for some values, yet holds 
good over the entire range considered. By plotting log 
(loudness units) against log (decibels) (i.e. log log energy), 
as shown in Fig. B, the expression j 

• lyorZii iSfliio, 1984, vol. 18,p. 168. „ , , . • , < 

t 1 am indebted to the authors for the final values of the constants included 
in this expression. 


Loudness— Churcher, King-, and Davies 
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Loudness = 0-667 X 10-^[(Decibels/10) + 2-5]5-63 
or Loudness = 0-667 X 10-^(log]^Q W -}- 18-421)S’G3 



log Jiy]%jOr decibel^lO 
Fig. B . 


wMcb fits the results very accurately, may be obtained. 
This expression implies a finite value (0-012 unit) for the 
loudness at the threshold of audibility, when TF =1-2 


X 10“^®, and this conclusion is supported by plotting 
log (loudness) against decibels (or log IF). The fact that 
the audibility of a sound ceases before its loudness value 
reaches zero suggests that the authors’ scale, though 
psychologically derived to express ideas of noise numeri¬ 
cally, may depend upon some physical entity, having 
its own threshold value, to which nervous sensation is 
itself proportional. With reference to the over-com¬ 
plication of an already difficult subject by unsuitable 
nomenclature, I have redrawn in Fig. C the authors’ 
Fig. 2, embodying the unit proposed by Dr. Davis. I 
submit that by using a unit defined merely as a ratio— 
i.e. antilog 0-1, or 1-259, which represents a 25- 9 per cent 



Sound pressure 

Fig. C. 


increase—and by stating the physical quantity which it 
expresses, all the practical advantages of the decibel scale 
could be retained and yet its paralysing effect upon first- 
principle thinking would be avoided. 

Lieut.-Commander R. B. Fairthorne {communi¬ 
cated) : Transformer hum, a favourite example of noise, 
is of all noises one of the least offensive to the human 
ear; in fact, it actually has an almost soothing effect on 
some hearers. I submit that wide fluctuation of inten¬ 
sity or of pitch is the major characteristic contributing 
to " nuisance.” Will the authors say which they con¬ 
sider to constitute the greater nuisance—50 units steadily 
reproduced, or 30-50 regularly fluctuating? 

Dr. L. E. C. Hughes {communicated ): It is a fallacy 
to suppose, as several speakers have done, that the 
1 000 cycle per sec. decibel scale of noise levels is a linear 
scale of loudness. This scale has 'been used for many 
years as an objective reference scale for noise levels in 
communication engineering, and there seems to be no 
warrant for introducing a further subjective scale of 
loudness levels based on aural estimation by untrained 
observers, however interesting such a scale may be to 




SPECIAL REFERENCE TO ENGINEERING NOISE PROBLEMS: DISCUSSION. 429 


students of acoustics. There is no doubt that an ob¬ 
jective industrial measurement of noise levels is needed 
in this country, such as has obtained for many years 
in America (where experience did not suggest the neces¬ 
sity of a subjective scale) and to which the authors do 
not specifically refer. The microphone technique de¬ 
scribed by the authors is standard practice in any form 
of acoustic pick-up. The aural-balance method of asses¬ 
sing equality of noises or sounds has often been used since 
it was first proposed by Cohen, Aldridge, and West.* An 
alternative to a 1 000-cycle per sec. masking tone, when a 
masking method is used, is Johnson (thermal agitation) 
noise. This is uniformly spread over the spectrum and 
has been used with success in cable interference tests. 
The authors fail to distinguish between direct noise 
radiated from a source and reverberant noise in an en¬ 
closure, and do not consider the fact that the noise 
generated by„a machine depends materially on the way 
in which the latter is attached to its foundations. Pre¬ 


sumably, what matters is the total sound-power generated 
by the vibrational surfaces in the instances of machines 
used indoors. This is readily determined in a calibrated 
reverberant enclosure when the machine is mounted on 
pliant springs. If it is erroneously mounted by the cus¬ 
tomer and so generates noise by conduction, that is not 
a fault associated with the machine and should be ex¬ 
cluded from the measurement. For outdoor installa¬ 
tions, the directive sound measurements in a padded 
chamber are, of course, correct. The problem of noise 
measurement is not difficult when approached from the 
communication point of view. As Dr. Kaye has pointed 
out, the decibel scale of noise-levels is one to be learnt 
by personal experience, much as we learn the meaning 
of indication on a thermometer, or a luxmeter. To be 
a fact and not an impression, noise must be measured 
objectively. 

[The authors’ reply to this discussion will be found 
on page 442.] 


Mersey and North Wales (Liverpool) Centre, at Liverpool, 29th January, 1934, 


Prof. L. R. Wilberforce: The assessment of a degree 
of sensation, unlike the measurement of the physical 
or chemical stimulus which arouses it, is beset with un¬ 
certainties, The comparison of the loudness of noises 
of different character presents a problem similar to that 
of the comparison of the brightness of lights of difierent 
colour, but in the latter the phenomenon of flicker leads 
to the design of an adequate photometer, while in the 
former such assistance cannot be invoked. The authors 
are much to be congratulated, therefore, on having 
devised a practically applicable scale on which degrees 
of loudness can be registered and a convenient form of 
apparatus by means of which the estimation can be 
carried out. The measure of agreement between the 
results obtained with this apparatus by different ob¬ 
servers, or, more properly, “ auditors,” is noteworthy. 

Mr. R. G. Devey: I think one must accept the tech¬ 
nique which has been put forward by the authors, for 
the simple i-eason that their experience of sound measure¬ 
ment is greater than that of most other engineers. The 
value of the paper lies in the fact that it stimulates 
interest in the reduction of the noise caused by machineiy; 
if manufacturers would take an interest in this subject 
it would be very helpful and beneficial to industrial 
works. It is to be hoped that the result of this inves¬ 
tigation will be the evolution of quieter machines, and 
a consequent reduction of the injurious effect of noise 
on factory operatives. One of the authors’ slides showed 
an observer carrying a portable apparatus and taking 
a reading of the noise value of a certain transformer; 
he appeared to be wearing one headphone. Was he 
estimating the sound intensity by the other ear without 
a headphone, or was he actually wearing two headphones ? 
If he was only wearing one, the value of the noise must 
have varied with his distance from the transformer. 

Mr. P. M. Hogg; Noise reduction should be the 
concern of every enlightened works management. In 
many industrial works the machine operator has to stand 
still and endure the noise of the machinery for hours 
on end without relief. He becomes irritated, a certain 
* Journal 1926, vol. 64, p. 1023. 


type of nervous exhaustion sets in, and he begins to take 
a gloomy view of life and to feel that he is ill-used. 
Nothing rankles in a man’s mind more than a sense of 
social injustice, and it is well worth while for any works 
management to investigate the question of the reduction 
of noise from this point of view. I know of one case 
where a certain typ)® of adopted rather than 

a more efficient type, simply because it was the quieter 
of the two, and in spite of the fact that the lower effi¬ 
ciency meant an additional expenditure of over £1 000 
per annum on electrical energy. 

Mr. J. O. KLnowles; I should like to know whether 
the threshold pressure varies as the sound intensity is 
increased or decreased. In Fig. 3 I notice that some 
reference is made to increasing and decreasing pressure, 
and the basis of calculation might vary according as the 
initial value is taken on sound increasing to audibility 
or decreasing into inaudibility. As an electrical analogy, 
a neon lamp will not light on increasing voltage until 
the voltage is considerably greater than the value at 
which decreasing voltage would put out the glow. “With 
regard to the relation between threshold noise and fre¬ 
quency, it is commonly said that there are silences which 
can be ” felt,” and on very low frequencies there are 
certain noises (like the lowest notes on a powerful organ) 
which can be felt rather than heard. One of the authors 
slides showed a number of contactors in connection with 
a motor-generator set on which a noise test was being 
made. A.C. contactors are easily made ” industrially ” 
silent, but in connection with buildings, offices, hospitals, 
and some large domestic work, contactors are used in 
places where a slight hum is of importance. I should 
be interested to know whether contactor hum has been 
investigated by the authors. The problem of contactor 
noises in domestic or other non-industrial work may 
be solved in various ways. Careful adjustment of magnet 
faces or bearings will reduce the hum, or direct current 
may be obtained through rectifying equipment. A close 
investigation has shown that vibrations may be present 
of other frequencies than that of the supply, owing to 
the natural frequency of such components as contact 
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pillars. Another practical solution is to use inercur 3 r 
switches or latched-iii contactors and thus completely 
eliminate magnetic hura. The authors state that the 
artificial ear is not correctly sensitive to harmonics, and 
I am not sure whether this, is regarded as a practical or 
a theoretical limitation. Could adjustments be made so 
as to register the peaks on waves only, as in measuring 
peak voltages, instead of using the r.m.s. values ? 

Mr. Emrys Williams: The authors have attempted 
to produce a logicah and reasoned objective method of 
measuring the loudness of noises. In order to do this, 
they have successfully investigated the relation between 
the intensity and loudness of pure tones, starting from 
the hypothesis that what the average individual de¬ 
scribes as a sound “ of twice the loudness ” of a given 
sound shall be regarded as a sound of twice the number 
of loudness units. They have extended this relation to 
embrace sounds of different frequencies, and have re¬ 
determined the threshold intensities over a certain range 
of frequencies, for free-space conditions. Their previous 
paper* explained how to analyse the intensities of the 
components of a noise, and they have now applied their 
intensity-loudness relation to the figures obtained by 
such analysis, in order to calculate the number of loud¬ 
ness units for the whole noise. It is then a simple 
matter to calculate the intensity of the pure 800-cycle 
note which would have the same number of loudness 
units as the noise. The authors have put this objective 
method to the test by the simple process of listening to 
the noise and to the calculated equivalent 800-cycle note, 
and observing whether they did in fact produce equal 
sensations of loudness. For certain complex noises the 
agreement was good, but for certain simple noises there 
were very serious errors. The intensity of the calculated 
equivalent 800-cycle note differed by 30 decibels from 
the intensity of the 800-cycle note judged by ear to be 
of equal loudness with the noise. Instead of being equal, 
these two intensities bear a ratio of 1 000 ; 1. This 
discrepancy could not be satisfactorily explained, and 
the authors therefore decided to discontinue investiga¬ 
tion of the objective methods of measuring the loudness 
of noises. The discrepancy encountered in connection 
with harmonic scales, however, is probably only the first 
of a great number of discrepancies. Transient sounds 
and intermittent sounds would probably result in further 
difSculties. Nevertheless, since objective methods, when 
fully developed, are generally of infinitely greater accu¬ 
racy than subjective methods, it is very much to be 
hoped that the matter will be pursued further, and in 
this connection the work described in the earlier sections 
of the paper is extremely valuable. In examining this 
work, several questions arise. In the first place, the 
authors consider two groups of methods of determining 
the threshold intensity, namely {a) the methods of lis¬ 
tening for a decreasing sound to become inaudible, 
and of listening for an increasing sound to become 
audible; (6) the methods of determining the largest 
sounds whose complete removal, or complete applica¬ 
tion, cannot be detected. While the authors agree that 
methods (a) give two different results, according to 
whether the threshold be approached from the higher 
or the lower intensity, it would appear—^from their defi- 
♦ Journal 1930, vol. 88, p. 97. 


nition of the threshold as " the largest sound the complete 
removal or application of which is not detected ”—that 
they consider that the two methods (&) give a single 
result. Above the intensity Q at which a decreasing 
sound becomes inaudible, the removal of a sound can 
be detected. Thus Q is the largest sound whose removal 
is not detected. Below the intensity P at which an 
increasing sound becomes audible, the application of a 
sound is not detected. Thus P is the largest sound whose 
application is not detected. The two groups of methods 
(a) and (b) are in essence the same, with the exception 
that in (&) the sound is intermittent, and the ear has 
an opportunity of comparing silence and sound. Even if 
it be admitted that, as a result of this opportunity for 
a reference to silence, the separation of P and Q will be 
decreased, yet it seems that the psychological causes of 
that separation (the retention of impressions) still apply. 
Further, to ensure that under no circumstances the 
loudness of a sound which has been heard shall be com¬ 
puted to be below threshold, it would seem that the most 
relevant definition is " the least intense sound which can 
be detected.” The argument that this would involve 
a finite measurement of sensation is surely invalid, as 
the determination is bound to be subjective whatever 
definition is adopted. Secondly, the deviations shown 
in Table 1 are considerable. If the values for the various 
observations had been plotted on a thre-shold-frequency 
curve—even using logarithmic scales—the points would 
have been so widely dispersed as to give no reliable 
indication of the average threshold curve. In view of 
this the method of averaging becomes of importance, 
but the authors give very little information on this 
matter. The reason why the results should be presented 
for averaging on a scale proportional to sensation rather 
than stimulus is by no means clear. Moreover, this 
appears to involve assuming a threshold intensity; for, 
after explaining that, in the vicinity of the threshold, 
sensation is proportional to decibels above threshold, the 
authors state that the results are expressed in decibels 
from certain defined intensities. Further, since the use¬ 
fulness of the “ mode ” of a number of results is depen¬ 
dent on the sharpness or otherwise of the peak, in the 
curve giving the distribution of the results this curve 
should be shown. The authors do not differentiate be¬ 
tween experimental errors on the part of the subjects 
and genuine differences of threshold from person to 
person. How many repeat tests were made with each 
subject, and was the result of these tests to indicate 
that experimental errors on the part of the subject could 
be neglected? Thirdly, on page 417 the authors describe 
a series of measurements made in order to relate the 
threshold pressure under free-space conditions to that 
when a telephone is used. This constitutes a direct 
check on Wegel's measurements, and it would be in¬ 
teresting to know how the two compare. Finally, in 
Table 10 it is shown that, using the subjective method 
of noise assessment developed by the authors, certain 
persons with displaced thresholds made assessments not 
differing seriously from those of a normal observer. It 
might be expected that, for subjects whose whole thres¬ 
hold curve is displaced upwards by a fixed number of 
decibels, the assessment would be unaffected, but that 
it would be otherwise for subjects with distorted thresh- 
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old curves. As a result of their tests on 48 subjects, authors would afiord some further information as to the 
have the authors any information as to whether serious motor foundation in the soundproof room, 
differences occur in the shape of the threshold curve ? Dr. J. C. Prescott: The authors have developed an 

Prof. G. E. Sclioles: I have no doubt that the authors instrument by which comparison may be made between 
have chosen wisely in developing the aural comparison the loudness of any given sound and the loudness of a 

method, because the human being is only affected by standard source with a frequency of 800. This com- 

the impression of noise he receives. The closeness of parative method immediately calls to mind the some- 

the agreement between the observations of different what similar method used in photometric comparisons, 
observers strengthens the case for the aural comparison and suggests the question as to the meaning of a balance 

method. I have noticed the effect of one sound masking between two sounds of widely differing pitch. The 

another when carrying out some experiments on the apparatus described in the paper will presumably be 

silencing of petrol engines. As the major noises are applied as an aid to the elimination of noise in machinery, 
eliminated, minor and hitherto unheard noises become and, as the authors suggest, as a standard in terms of 
prominent. I should like to ask the authors whether which the maximum permissible noise produced in 

the portable noise-analysing machine they have deve- machinery can be specified. It is here, particularly, 

loped gives any indication of the source of the noise. I think, that the question arises whether sounds which 

It would seem that an analysis of the sound in the sound- appear equally loud are equally " permissible.” Has 

analysing instrument would be necessary to indicate the any information been obtained as to the relative annoy- 

frequencies of the major offending noises and to enable ance caused by notes of different frequencies, and by 

the part of the machine causing the noise to be located. a composite tone as compared with a pure tone? That 

This being so, I should like to ask whether the use of noise in machinery is not universally objectionable is 

the sound-analysing machine in situ is possible. If so, shown by a letter from James Watt (quoted by J. H. 

how long would it take to carry out a complete test ? Marshall) describing an engine which was installed in 

Mr. H. Taplin: In connection with the slide showing one of the Cornish tin mines. “ The velocity, violence, 

the interior of a soundproof motor room we were in- , magnitude and horrible noise of the engine give universal 

formed that in order to eliminate sound the motor was satisfaction to all beholders, believers or not.” He was 

surrounded by a 6-in. layer of cotton wool. As the motor not allowed to remedy this for: “The noise seems to 

in the soundproof room was coupled to a generator in convey a great idea of its power to the ignorant, who 

an adjacent compartment, by means of a solid shaft seem to be no more taken with modest merit in an engine 
passing through the division wall, it would appear that than in a man.” 
some material other than cotton wool would be neces¬ 
sary in order to avoid the troubles which invariably [The authors’ reply to this discussion will be found 
follow bad alignment. It would be interesting if the on page 442.] 

North-Western Centre, at Manchester, 6th February, 1934. 

Mr. R. Poole : One of the problems which has troubled 
engineers is the production of noise by ventilating fans, 
particularly when used for cooling electrical machines. 

I have been investigating the aerodynamic side of the 
problem in my own wind tunnel, and have found that 
great care must be exercised in designing brackets and 
the like which will fall on the inlet side of a propeller 
fan. Behind every body placed in an air stream there 
is a shadow, or region of low velocity, and the strength 
and dimensions of the shadow depend upon the shape 
of the body and the velocity of the fluid stream in which 
it is placed. As the velocity increases, the length of the 
shadow decreases but its strength increases. Fig. D 
shows the shadows of three typical obstacles. It will 
be noticed that for the streamline section at a distance 
equal to twice its own length the shadow velocity has 
become almost equal to the velocity of the undisturbed 
stream. In the case of the cylinder the velocity at 2 
diameters away is only 0 • 6 of the normal, whilst for the 
square section the corresponding velocity is only 0-3 of 
the normal. When a propeller fan is rotating behind 
any such obstacles, the fan blades will be subject to a 
change in pressure as they pass through the shadow. 

This variation in pressure is one of the most important 
sources of noise in ventilating fans. There is another 
important feature in connection with the flow pattern 
behind an obstacle; up to the critical velocity the flow 


pattern is constant, but after this velocity has been 
passed a double row of vortices is set up which pass 
downstream. Fig. E shows, first, the constant-flow 
pattern before reaching the critical velocity, and after¬ 
wards, the double row of vortices being carried down¬ 
stream. If we place in this stream a Pitot tube, such 



Fig. D.—Typical velocity " shadows " behind obstacles. 

as is used for measuring the velocity, and attach a rubber 
tube, on placing this extension near to the ear the noise 
set up by the vortices can be heard very plainly. The 
important feature is that the vortices in themselves pro¬ 
duce no serious noise, but on placing the Pitot tube in 
the stream some of their energy is converted into static 
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pressure and so a sound wave is produced. We may 
compare these vortex cylinders with a series of sticks 
floating vertically in a stream and passing along at 
regular intervals. If a board or some other obstruction 
is placed in their path they will impinge upon it with 
some definite frequency. Similarly when a microphone 
is used in an air stream it may actually convert noiseless 
energy into sound waves. The authors have stated that 


An obstacle 1’6 in. wide, placed in an air stream of 
2 000 ft. per min., gives a vortex frequency of the order 
of 45 to 60 per sec. If the width of the obstacle is 
halved, the vortex frequency is doubled and becomes 
100 per sec., and so on. When the obstacle is on the 
inlet side of a fan the vortices are superimposed upon 
the sound made by the fan; and it will be understood 


when there is no listener there is no noise; in this par¬ 
ticular case the position of the listener or the artificial 
ear decides whether he will change these vortices or 
potential noises into an actual sound. There is a dis¬ 
tinct difference between the sound set up by the con¬ 
version of a vortex stream, and that set up by a normal 
compression wave. Fig. F shows the expanding throat 
of a wind channel, and a vortex stream passing down. 



Fig. E.* 



Fig. F. —Change of vortex frequency with velocity. 

from reference to Fig. G that the note produced by the 
vortices striking the fan blades will depend upon the 
frequency with which the blades pass the object, and 
the frequency with which the vortices leave the object. 
Another difficulty enters into the question of noise set 
up by ventilating fans. If we consider a screw propeller 
fan, each blade gives rise to a certain pressure, and 
between the blades the pressure tends to fall. The fan 
therefore sets up a rotating pressure-wave which travels 
in spiral form, and if a microphone is held stationary 
in space a sound wave is heard. On the other hand if 
the microphone were rotated with the fan it would be 
subject to a constant pressure, and no sound would be 
heard from this particular source. The phenomena 
discussed above have been examined with the help of 
the instruments described by the authors, and the various 


Direction of i 
motion of T ^ 

I 


Airflow fan blades 


V 


Obviously, the frequency with which the vortex cylinders 
pass a given point depends entirely upon the velocity 
of the stream at that point. Thus, assuming a normal 
velocity of 2 000 ft. per min. and a vortex frequency 
of 600 per sec., the expansion of the throat causes the 
velocity to fall to 1 000 ft. per min., and the vortex 
frequency will also fall to one half its original value 
(i.e. to 250 per sec,). In addition the vortex cylinders 
act as flywheels having a certain kinetic energy. If they 
are increased in size, then for the same kinetic energy 
it follows that their speed of rotation will fall. Even¬ 
tually, in the open atmosphere, the vortices would die 
out completely. It is therefore most important to know 
exactly where the artificial ear or microphone is placed 
when studying these potential noises. The frequency 
with which the vortices leave an obstacle depends upon 
its projected width as well as upon the fluid velocity. 

* Reproduced by perroission ol the Royal Aeronautical Society, 



Fig. G.—Efiect of vortex stream, 

ideas set forward have been fully confirmed by tests. 
Now that the authors have produced an instrument for 
the measurement of sound and a satisfactory method 
of comparing noises, it is possible to obtain information 
which will be useful in actually preventing noise. The 
day of the noisy machine is certainly coming to an end. 

Mr. A. G. Ellis: The authors define noise as an 
" undesired or irksome sound.” Sometimes music is 
a noise and sometimes it is not; this presents a practical 
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difficulty at the outset. For instance, at what time does 
the continual playing of a trombone cease to be music 
and become noise ? The same applies to the hum of 
a transformer. The authors say that the hum of a 
transformer complies with the old physical definition of 
music. Such a hum may not be a noise in the first few 
hours of the evening, but it certainly becomes one in 
the small hours of the morning in a quiet residential 
district. This illustrates one of the practical problems 
in the application of noise measurement; the ultimate 
criterion is the opinion of the observer or the hearer, 
to whom a measured figure or statement in decibels will 
be unconvincing if he considers that the sound is irksome. 
The authors observe that the method of measurement 
which they have developed is a direct aural method, 
and it is the sensation experienced by a representative 
lay listener which is the final criterion. It is not only 
the magnitude of the noise, however, but also its nature 
and persistency which react on the hearer. For example. 
Table 3 shows that the transformers tested have the 
lowest noise levelin decibels in the whole list of machinery, 
and yet in Table 14 it is rather surprising to find they lie 
somewhere between a “ busy main street ” and " trams 
passing an office on the ground floor with the windows 
open.” In the course of the discussion on Messrs. 
Churcher and King’s paper* in 1929 I remarked that 
we should await with interest the introduction of a 
portable sound meter or noise meter which could be 
taken to a substation and used on the spot. The present 
marks the epoch when that instrument is actually avail¬ 
able. It is very light, portable, and easy to use. Ex¬ 
perience has shown that its use can be rapidly learnt 
and very consistent results quickly obtained as between 
different untrained observers. My own experience con¬ 
firms that recorded by the authors, namely that results 
are obtained by different observers within about 2 deci¬ 
bels. The first difficulty one experiences concerns the com¬ 
parison of a pure 800-cycle sound with a complex sound 
made up of noises of various frequencies such as those 
emitted from a machine under test. In using the in¬ 
strument it is necessary to regulate the standard 800- 
cycle sound until it has the same loudness as, and 
balances, the noise under observation. It is analogous 
to the early photometers, where a light of any colour 
was balanced against the yellow light of a candle. A 
short acquaintance with the instrument soon overcomes 
any difficulty incident to the difference in nature of the 
two sounds. With reference to the unit of measurement, 
the decibel seems to be quite a logical development of 
the method of comparing sounds, but it is rather a pity 
that it is not a direct measure of the relative loudness. 
One of the principal features of the work described in 
the paper is the experimental co-ordination of loudness 
sensation with the decibel measurement. The curves 
in Figs. 6, 6, 7, and 8, give a very good idea of this 
relationship. Until one thinks in terms of relative loud¬ 
ness one does not get a practical register of the relative 
degree of loudness of the noise. I have suggested to 
the authors that if it is not possible to graduate their 
instrument in relative-loudness units in addition to the 
decibel scale, a typical curve, similar to those in Figs. 5 
to 8 should be attached to each instrument. The subject 
* Journal I.E.E., 1930, vol. 68, p. 97. 
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of noise in transformers has loomed rather large in recent 
years, principally owing to the widespread use in this 
country of very large and more or less noisy outdoor 
transformers; but also on account of the growing practice 
of installing small transformers in residential districts, 
outdoors, without kiosks. In the case of the very large 
transformers there is one aspect which I would impress, 
namely, that whatever steps are taken to ensure that 
the noise emitted by the transformer will be the mini¬ 
mum, consistent with commercial and practical con¬ 
siderations, such large transformers operating in the 
open air are bound to give the impression of emitting 
a large volume of sound, even though the loudness as 
measured by the decibel figure at a given point may not 
be excessive. I think the public have to be educated 
up to, or down to, this circumstance, and to get used 
to the idea that the noise of a large transformer is less 
objectionable (though perhaps more uniform and more 
persistent) than that of street traffic, which includes such 



Fig, H.—Curves showing variation of noise emitted by 
transformer with varying flux density in the core. 

noises as motor-cycles with unsilenced exhausts. Table 14 
contains some very interesting figures showing quanti¬ 
tatively what the public already tolerates, without usually 
registering complaints. Turning now to smaller outdoor 
substations installed in residential districts, there have 
been cases of complaint by residents, of the noise, espe¬ 
cially at night. It is not only the loudness of the noise 
(which in this case has been regarded as irritating) but 
also the monotonous persistence of the hum, especially 
in the quieter hours of the night. The standard com¬ 
mercial distribution transformer is reasonably quiet and 
is not the subject-of legitimate complaint. Complaints 
come from certain irritable persons, and the noise of 
the transformer sometimes makes it a scapegoat for what 
the rcomplainant considers to be the unsightliness of an 
outdoor substation in close proximity to his sylvan 
retreat. A good deal can be done by the supply engineer, 
when choosing and laying out the site, towards ensuring 
that the transformer is not too near, the adjacent houses. 

28 
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The advantage of this,-so far as. noise is concerned, is 
well illustrated in Fig. 13, which shows the effect of 
distance on the loudness observed; for example, increas¬ 
ing the distance from 1 metre to 4 metres more than 
halves the loudness. If the transformer must be placed 
close up to residential buildings, probably the best plan 
is to enclose it in a kiosk or pit, which screens the noise 
very effectively. Tests on site have shown that the 
noise observed outside the kiosk is reduced to about 
one half with the doors closed, as compared with the 
figure obtained when the doors are open. Investiga¬ 
tions have shown that the principal—^but not the only— 
factor influencing the noise emitted by transformers is 
the value of the induction density in the core. (I am now 
spealdng of transformers of otherwise good design and con¬ 
struction.) The npise has been shown to vary with the 
flux density as indicated in Fig. H. An appreciable 
reduction in flux density below the usual commercial value 
certainly does reduce the noise, but it is impracticable by 
these means to obtain a perfectly quiet transformer. For 
example, a reduction of 15 per cent in the flux density has 
resulted in a reduction of the noise to about one-half. 
The cost of the transformer is, of course, considerably 
increased thereby, and it is a matter for the purchaser to 
judge the economics of the case. Even so, transformers 
of identical design and construction give different noise 
figures, and in the present state of the art it is not 
possible to predetermine accurately and guarantee a 
noise figure. Investigations into this subject are being 
pursued and are receiving consideration in the British 
standardization and research organizations with a view 
to establishing a standard method of specification, 
measurement, and guarantee. 

Mr. A. T. Chadwick: I am surprised to find that, 
of the noise sources mentioned in Table 3, the trans¬ 
former gives the smallest frequency range. It is possible 
that the measurement of the higher frequencies on the 
basis of the calculated eqilivalent-energy method is in 
general much more accurate than that of the lower fre¬ 
quencies. The authors state, with reference to Table 3, 
that the difference between the measured and calculated 
values was not very great in many cases. It would 
appear that from the point of view of loudness units, 
however, the difference, even when it is only a matter 
of 10 decibels in 90, is very great indeed. Much of the 
■difficulty experienced in connection with transformer 
installations has been the result of the placing of the 
transformer relative to the surrounding conditions. To 
place a transformer of 10 000 kVA in the corner of a 
power-station yard, bounded on both sides by houses 
within 10 yards of the transformer, is to ask for 
trouble. The solution of some of the legal and other 
difficulties arising in that way lies more easily, and rtiore 
economically, in the hands of the man who chooses the 
position occupied by the transformer. I appreciate 
that in many cases there is no choice, and there 'the 
transformer inust be treated specially. I am strongly 
of the opinion that this special class of transformer can 
be, and will have to be, treated very seriously in the 
future. There are two ways in which this question can 
be attacked,: first of all, from the inside of the tank, and 
secondly, external to the tank. The first is perhaps the 
naore costly; and a compromise might be the final result. 


With regard to the treatment of the transformer inter¬ 
nally—it is the core which causes the commencement 
of the nuisance—^there is one feature of an examination 
of the induction density in the core, as compared with 
the noise emission, which may be of very great impor¬ 
tance. If we look at the shape of the loss curve of 
transformer iron, we notice a fairly straight line up to 
a point approximating to 9 000 or 10 000 lines per cm^. 
I suggest that this point coincides with the point at which 
the loudness of the hum from the iron commences to 
become of importance: I should like to know whether 
the authors have considered this, and whether they have 
arrived at any conclusion which would suggest this as 
the induction density at which a quiet transformer will 
have to be designed. There appears to be a great in¬ 
crease in the rate of reduction of noise immediately below 
this point. As far as the tank is concerned, there is 
a far more economical method of reducing the noise 
emission than surrounding it with a building. First 
of all, the area to be tackled should be very much 
smaller, and much less money need be spent upon it 
to attain the desired amount of attenuation. On page 420 
the authors state, " An air space does not in itself cause 
appreciable attenuation except so far as it constitutes 
a discontinuity between two walls: hence the thickness 
of the air space is immaterial.” I should like to ques¬ 
tion this remark. If the two walls constituting the 
bounds of the air space are very close together, and 
assuming the air space is closed, the pulsations received 
on one side of the air space will be received by the other 
boundary in a ratio dependent on the thickness of the 
air space, because the air pressure-rise due to the pul¬ 
sations will be reduced as the air film is widened. This 
will go on to a point beyond which it would not be 
thought useful to carry it. I should like to ask the 
authors the thickness of that air film. 

Mr. H. W. Angus: I should be obliged if the authors 
would state what number of decibels represent an irk¬ 
some noise. As regards noisy transformers, the mag¬ 
netic flux is one of the important factors, and the logical 
assumption is that reducing the flux reduces the noise. 
The question of the fixing of transformers in suitable 
positions is very often out of our control. During the 
last year or two we have erected a number of kiosks 
in residential areas, and in every case the owners of the 
land have introduced a clause requiring the Corporation 
to indemnify the owners of the surrounding property 
against noise. I have been trying to get transformers 
that will comply with this requirement, but so far have 
been unsuccessful in persuading makers to offer trans¬ 
formers with lower flux densities. I hope the work of 
the authors will lead to the production of a standard 
means of measuring noise. 

Mr. G. A. Cheetham: I have had occasion to use 
one of the authors’ instruments for the measurement of 
noise on supply meters, and have found that with a noise 
of the order of 30 decibels two workers—each with a 
separate instrument and working in different buildings 
—could obtain agreement within 1 or 2 decibels, I con¬ 
sider that this is an excellent result, especially with a 
noise of such a small magnitude. A study of the noise 
emitted by a supply meter has resulted in eliminating 
one of the causes of noise, which was shown to be itself 


SPECIAL REFERENCE TO ENGINEERING NOISE PROBLEMS; DISCUSSION; 433 


producing excessive wear. The study of the problem 
therefore resulted in an increased life for the meter, which 
clearly proves the importance of such a study in con¬ 
nection with electrical apparatus. I consider that the 
decibel is a very unsatisfactory unit; whilst it may be 
necessary to retain it for some purposes, a scale should 
be introduced in which the units are proportional to the 
sensation of noise. 


Mr. G. G. L. Preece: There is no doubt that the 
main solution of the problem of minimizing the noise 
caused by transformers is lower flux density. Some 
reduction of the noise can also be obtained by suitably 
modifying the tank, but if the noise becomes very trouble¬ 
some the transformer will have to be boxed up. 

[The authors’ reply to this discussion will be found 
on page 442.] 


Scottish Centre, at Glasgow, 27th February, 1934. 


Mr. D. M. Macleod: It seems to me that the methods 
of measurement suggested by the authors for comparing 
one noise with another might not be applicable in every 
case. There is one interesting incident upon which I 
should like to have the views of the authors. It relates 
to the • curious noise or atmospheric vibration emitted 
by a blower when in operation. I was at one time 
associated with the operation of a suction ash-removal 
plant, and every time this plant started up it caused 
a curious vibration which particularly affected a certain 
house situated about a quarter of a mile away. The 
window sashes vibrated and the china arranged on the 
shelves of the kitchen rattled, to the annoyance and 
discomfort of those living in the house. It would be 
interesting to know whether the authors’ methods could 
have been applied in such a case, to detect the cause 
and suggest a remedy. The trouble was got over in 
rather a curious way. The discharge from the blower 
was ultimately blanketed as a result of the extension' 
of the coal reserve at the works. The result was that 
the nuisance was completely stopped, and even the 
atmospheric vibrations were no longer noticed. 

Dr. M. G. Say: Presumably the condenser microphone 
was calibrated for lower frequencies by a niethod using 
resonating tubes, and for higher frequencies by means 
of the Rayleigh disc in an enclosure lined with sound- 
absorbent material. Is there adequate agreement be¬ 
tween the results obtained by these methods in the 
overlapping range of intermediate frequencies ? If the 
authors would give a brief description of these test 
methods, or a bibliographical reference, it would greatly 
assist me in the task of initiating a course of regular 
laboratory sound-measurement work at the Heriot-Watt 
College. A drawing of the microphone, which is described 
as having a flat face, would be valuable: those that I have 
seen have had recessed faces. The rise in threshold 
shown in Fig. 1 at a frequency of about 1 600 cycles per 
sec. seems unusual. Is it connected with the method 
of placing the subject when making observations ? The 
wavelength of sound in air at this frequency is of the 
order of 8 in., or comparable with the size of the head. 
Possibly the disturbance of the wave-front produced may 
in some way account for the unexpected departure from 
smooth curvature of Fig.. 1. Audiometric measurements 
recall the definitions of electric and magnetic fields in 
terms of unit charges and poles, which are presumed 
to be so small as not to disturb the fields they are called 
Upon to measure. In audiometry the ear (with its asso¬ 
ciated head) can hardly be held to have no influence on 
the sound field, thus introducing considerable technical 
difficulty. The test under discussion was perforrhed 
by measurement of the excess pressure by microphone 


at the position of the subject, but in his absence, so that 
the conditions of the two observations were unavoidably 
different. Although in audiometry the final reference 
standard is the ear, I think that statistical averages form 
an invaluable aid to the engineering aspect, which has 
to deal with mass effect, whether of noise in general 
or of sound reproduction for public address systems, 
radio reception, or sound-film operation. The relation 

Loudness = antilog (Decibels/50) 

should be of considerable use in these activities, as it 
relates in a simple fashion the usual decibel measure¬ 
ments to their effective physiological value, 

Mr. A. B. Eason: I am especially.interested in the 
paper in view of the problems I have had to deal with 
in getting rid of noises transmitted in buildings from 
distant rooms. In the first case there were two 12-h.p. 
motor-generators and a small J-h.p. telephone ringing 
machine; we stopped the motor-generators, but the people 
in the room below still complained of the noise. We 
found that the troublesome noise was due to the J-h.p. 
motor, and were able to eliminate all the noise quite 
simply by putting a very flexible support underneath 
each of the machines. Two or three cases arose in Glas¬ 
gow where the noise from machines was troubling tenants 
below; in each case we used the same remedy, namely 
a very flexible support for the machine. In a recent 
case where a motor-generator caused considerable noise 
in a test room and interfered with telephone work, the 
nuisance was removed by placing round and over the 
machine a wooden case lined with shavings and sacking 
on the inside, to absorb the noise; although plenty of 
space was left for the air to reach the machine, and 
openings were left in the top for warm air to escape, 
the noise was reduced sufificiently to allow work to pro¬ 
ceed normally in the room. It would be interesting to 
take one of the instruments mentioned in the paper into 
the Glasgow Stock Exchange in order to measure the 
noise level when the market is in full swing, for the noise 
level is certainly much higher than is usual where people 
wish to telephone. The problem of suppl 3 dng suitable 
telephones is an interesting one, for if the transmitter 
is very efficient, so that the user’s speech reaches the 
distant speaker well, it will also transmit the general 
noise efficiently; whereas if somewhat less efficient trans¬ 
mitters are used the speech at the far end may not be 
so good, but the noise is absent. 

Mr. A. P. Robertson: The practical aspect of noise 
emanating from electrical or mechanical machinery is not 
easy to define or to measure by means of instruments. 
There are two results of noise from machines, one physical 
and the. other mental. A noise may be a nuisance. ' It 
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is not necessarily a physical evil, but it may result in 
physical evils in consequence of the mental attitude to 
it. It is very often found that a noise of which the pitch 
is low has more physical effect than a high note, which 
has greater mental effect. The noise which comes from 
a transformer is generally of a rather low pitch and has 
definite physical effects. Low-pitched noises can be 
reduced very materially by placing the machine on a 
resilient mounting; it is more difficult to get rid of a 
high, screeching noise. In one case of a complaint about 
the noise emitted by a transformer I traced the cause 
to a bar supporting a cable passing through three or four 
floors of the building. When the bars were cut and the 
cable supported from the floor, the trouble ceased. When 
dealing with screeching noises the aural method of dis¬ 
tinguishing is much better than the use of an instrument. 
I should like to ask why 800 cycles per sec. is taken as 
the basis, and whether this note is a musical or a noisy 
one. 

Mr. P. H. R. Durand: The authors showed a slide 
illustrating a small motor on the test block in the 
listening-room connected by a shaft to a generator in 
another room, the two rooms being sound-insulated. Is 
there not a possibility, even with a flexible coupling, 
of the results being somewhat inaccurate on account of 
the transmission of extraneous noises through the coup¬ 
ling and shafting into the listening-room ? 

Mr. C. Pema Hughes: The firm of transformer manu¬ 
facturers with which I am associated have been asked 


recently by the Central Electricity Board to mount 
certain transformers on anti-vibration pads. I should 
like to know whether the placing of this apparatus on 
anti-vibration pads will affect the volume of noise. I 
should also like to know the relation between amplitude 
and frequency, and whether by using anti-vibration pads 
or padded walls one can get rid of transformer vibration. 

Prof. S. Parker Smith: The authors have not tried 
to convince us that there is anything final in their work; 
they have rather put forward a method that can be used 
until something of a more scientific nature is evolved. 
One troublesome matter is the composition of the noise. 
Noises or sounds may not seem the same to all people; 
indeed, to judge from modern music it is probable that 
something which is pleasant to one ear is unpleasant 
to another. Experience shows that whether noise is a 
nuisance is not altogether a matter of loudness. With 
regard to the measurement of noise, have the authors 
tried to develop the cathode-ray tube for this purpose ? 
The cathode ray is extremely sensitive, though the diffi¬ 
culty might be to calibrate it in terms of loudness. I 
should like to know whether the authors have investi¬ 
gated the distribution of the sound in the neighbourhood 
of a machine. As is well known, this may vary greatly 
owing to interference. Does this factor affect their 
results ? 

[The authors’ reply to this discussion will be found 
on page 442.] 


South Midland Centre, at Birmingham, 19th March, 1934. 


Dr. M. L. Kahn: The authors have attempted to give 
us a new unit—the unit of sound—and, still more im¬ 
portant, have produced a balance which will measure 
sound in the same way as the chemical balance measures 
mass. The importance of the fact that we can now 
measure the intensity of noise, is that it will enable the 
B.S.I. to work out a standard specification for the noise 
which is permissible for various classes and various appli¬ 
cations of electrical machinery and apparatus. A cus¬ 
tomer will then be able to buy a machine to a specified 
noise-limit, just as he can do so now to a specified limit 
of temperature-rise. The Post Offfce have already issued 
a specification dealing with noise, but this refers to 
electrical noise, which only appears as telephone dis¬ 
turbance. They have also developed an apparatus, 
based on somewhat similar principles to those of the 
authors' sound balance, which can compare noises pro¬ 
duced by currents in a telephone. I should like to ask 
the authors a few questions. In the first place, when 
a specification for noise is issued or settled by the 
B.S.I. we shall have to have some limit similar, for 
example, to the temperature-rise limits depending on 
general conditions of 40 to 50 deg. C., or higher limits, 
which depend on the insulating materials used. For in¬ 
stance, a machine or transformer which is installed in 
an engineering shop need not be as quiet as machinery 
placed in inhabited buildings, e.g. for working lifts. How 
far has the work progressed towards determining these 
limits ? Secondly, I have found that, apart from the 
absolute value of the noise, so far as the effect of the 
noise on the human ear is concerned the locality of the 


apparatus which has to be investigated is very important. 
It has been found that lift motors which seem satisfactory 
in “ silent ” rooms are noisy in practice. This pheno¬ 
menon has been traced to the resonant effect of the lift 
shaft. What has been the authors’ experience in this 
connection? Thirdly, there are three lands of noise 
caused by electrical machinery: {a) magnetic noise; 
(&) mechanical noise, due, for example, to the whistling 
of brushes or the rumbling of ball bearings; (c) ventilation 
noise. I find that magnetic noises penetrate much 
farther than the other two. This may be due to the 
high frequency. Have the authors made any experi¬ 
ments to throw light on this ? Finally, how far have 
they been able to separate the external noises from the 
noise of the machine itself? This point will have to be 
specially considered in connection with a specification 
to be issued by the B.S.I., as it would be quite impossible 
to test large machines in a silent chamber. 

Mr. A. G. Engholm: I had occasion only to-day 
to visit a works in order to investigate some fans in unit 
heaters. Some of them were giving out greater amounts 
of noise than others. The fans were suspended from 
girders, some being situated quite close to the corrugated- 
iron walls of the workshop and others against a wooden 
partition. Much less noise was emitted from those next 
to the wooden partition than from those close to the 
corrugated-iron walls. To take a simple example, that 
of a watch ticldng, if the watch is placed on a table with 
a glass top one can hear it ticking quite loudly, yet when 
it is placed on a bed one cannot hear it at all. Flow is 
this kind of sound to be measured? The means of 
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mounting has clearly a very important effect on the 
sound produced. 

Mr. C. R. Woodward: I should like to know why 
the authors have worked within the frequency limits 
of 100 to 6 400 cycles per sec., seeing that most of us 
are able to hear sounds of both higher and lower fre¬ 
quencies than are defined by these limits. A curve 
similar to that of Fig. 1, but inverted, represents the 
threshold of pain, and one can therefore see that noises 
at the ends of the audible range need not be very loud 
to cause a nuisance; I find that a quiet noise of about 
10 000 cycles per sec. is most irritating. I consider that 
the authors should have extended their measurements 
to both higher and lower frequencies, so as to include 
those sounds which are more easily transmitted tlirough 
structures (low frequencies) and the noises of high-speed 
machinery, hissing steam, and, the harmonics thereof. 
Here is a simple method of measuring approximately 
the noise level of a situation, described by Dr. A. H. Davis 
of the National Physical Laboratory. Strike a tuning 
fork in a very quiet place, hold it close to the ear, and 
note the time in seconds from the moment of striking 
to the moment the note dies away; do the same in the 
presence of the loudest noise it is possible to find or 
produce, and assume that it is 100 decibels louder. The 
difference of the two times can be converted into an 
arbitrary scale of loudness, and so one can estimate 
approximately the loudness of any offending noise. I 
agree with the authors' remarks about the inconsistency 
of the decibel, and’ consider that many of us will have 
to use their “ loudness units.” I am a little sceptical 
about their methods of measuring sounds; they seem 
to get consistent results in spite of the fact that there 
is a definite masking effect of one sound in the presence 
of another of different intensity, pitch, and wave-form. 
This effect is due, I presume, to the non-linear charac¬ 
teristics of the ear and the phase relations of the two 
sounds. 

Mr. C. G. Mayo: I am inclined to think that this 
paper marks the opening of a new era in engineering. 
Hitherto engineers have confined themselves to measure¬ 
ment, leaving the difficult ground of ultimate values to 
others. The authors, however, have the courage to 
approach the subject from the point of view of human 
values; and, since everything the engineer makes is 
ultimately for human appreciation, this represents a 
return to fundamentals. The loudness and annoying 
power of noise are essentially subjective, and the authors 
by eliminating impersonal measurernents have avoided 
a morass of difficulties. The paper deals very satis¬ 
factorily with commercial measurements devised to 
demonstrate that a machine is quiet. Equally impor¬ 
tant for the designer, however, are measurements to 
determine what frequencies are present, and at what 
intensities. At low frequencies it is difficult to obtain 
this information by means of the microphone, since large 
radiating surfaces are required to transmit low frequen¬ 
cies across air, and such vibrations are chiefly transmitted 
through tlie solid foundations. It seems to me that 
what should be measured is the movement of the motor 
frame, detected mechanically by some device such as 
the gramophone pick-up. This would give information 
as to the actual source of the noise, independent of the 


mounting. I should like to know whether the authors 
have done any work on these lines. 

Mr. E. G. Ross : I have had some experience of gear¬ 
box testing by means of a needle-driven microphone 
instrument, the needle being attached to the wall of the 
box. The instrument, of reputable make, was scaled 
in decibels. When driven while using one form of lubri¬ 
cant, the box emitted quite a pleasing whine, but when 
the lubricant was changed it produced an excruciating 
howl. The strange thing was that the instrument read 
much less pressure when the box was howling than when 
it was whining. The authors do not refer to timbre, 
which forms one of the outstanding difficulties in the 
making of noise measurements. In Table 14, three items 
are given as having a noise value of about 100, namely, 
the steel-tank shop (100), a pump house (102), and a 
machine room (100). I should much prefer to live in 
the pump house rather than the tank shop, while the 
machine room is even better. The authors stress the 
liability to error of observation when dealing with har¬ 
monic sounds, or sounds having a large proportion of 
harmonic vibration in them. I suggest that this error 
is caused by the influence of timbre, as these examples 
witness. By merely changing the metal of gearwheels 
in a box, while having them machined to the same limits 
and driven under exactly similar conditions, the noise 
and timbre have been reduced to a level which can be 
regarded as reasonably pleasant. I should like to ask 
the authors to amplify their remarks so as to afford 
details of any experience they have had in attempting 
to assess or measure timbre as distinct from pressure. 

Mr. C. Stokes: I gather from the authors’ remarks 
that in the case of a 50-cycle transformer 100 cycles per 
sec. was obviously the fundamental frequency of the 
noise. This does not seem very obvious to me, and I 
should imagine that the unsymmetrical response of the 
ear would cause the presence of a 60-cycle component, 
which should be regarded as the fundamental frequency. 
A few days ago I had the opportunity of trying out 
a mechanically coupled microphone, and I found great 
difficulty in keeping this truly stationary. The source 
of vibrations, although not very powerful, was sufficient 
to cause considerable movement in a fairly heavy surface 
plate, and substantial discrepancies in the readings were 
obtained. The most consistent results were obtained 
by holding the microphone in the hand. 

Mr. Emlyn. Jones : I should like to ask whether the 
authors have found it necessary, when making measure¬ 
ments in an enclosed space, to take into account the 
effects of standing waves due to interference between the 
direct and reflected sound-waves. These effects produce 
great changes in the sound intensity from point to point, 
particularly when, as in the case of electrical machinery, 
the noise contains a comparatively small number of 
components, one of which is'usually very prominent. 
This would, of course, only occur in a room having highly 
reflective surfaces, but such surfaces would often be 
encountered in practice. The difficulty could probably 
be overcome by making a series of measurements from 
different positions, and I should like to know whether 
such, a procedure has been found necessary in practice. 

[The authors’ reply to this discussion will be found 
on page 442.] 



438 CHURCHER, KING, AND DAVIES: THE MEASUREMENT OF NOISE, WITH 

East Midland Sub-Centre, at Leicester, 20th March, 1934. 


Mr. J. H. R. Nixon: It would be particularly 
interesting to know of practical results which have been 
obtained by applying the authors’ methods of measure¬ 
ment with a view to suppressing machinery noises. 
The chief types of noise emitted by electrical machines 
are the noises due to windage {i.e. air noise), rubbing 
noises (from bearings and brushes), noise that has its 
seat in magnetic vibrations, and the vibratory noise 
due to mechanical causes. It appears to me that the 
authors’ system of measurement could be applied as a 
means of isolating different noises. Has research of 
this sort been carried out on machinery, and, if so, 
with what results ? 

Mr. A. Brookes: The authors’ definition of noise 
(page 401) may be simplified to “ undesired sound,” 
because the wanted noise may -be irksome whereas the 
unwanted sound may be music. For example, the over¬ 
hearing of music transmission from a B.B.C. landhne 
on a telephone call is disturbing and represents noise. 
If loud enough it may spoil the desired speech trans¬ 
mission. The method of arriving at the threshold value 
given on page 402 is ceirtainly suited to objective methods, 
but in relation to subjective methods it leaves something 
to be desired. Bone conduction does not appear to 
have been fully considered, although it must have been 
present in all the subjects to a greater or less degree, in 
the bones both of the head and of the hand and wrist. 
This would certainly give rise to errors if a telephone 
receiver were used against the ear for subjective measure¬ 
ment, as the readings obtained would not take account 
of bone conduction. Turning to page 407, I am sur¬ 
prised that no difference could be found due to the use 
of one or two telephones held to the ears. This was 
evidently due to the experiments being conducted in a 
soundproof room. In an open space, even if relatively 
quiet, much greater sensitiveness is obtained with a 
telephone on each ear than with a single telephone, even 
if current is passing in one of them only. I can 
understand that isolated changes are more easily and 
more accurately detectable than cyclic changes, and that 
the increasing-intensity results are more reliable than 
the decreasing ones owing to the effects of retention 
of impression. It is very difficult to get reliable data 
from personal observations in regard to stimulus, and, 
despite the authors' statement that their method is an 
improvement on the decibel scale, it must be admitted 
that the latter gives something definite and obtainable 
by physical measurements. Confusion appears to be 
general in respect to the significance of the decibel; 
■although it has a physical meaning it is simply a mathe¬ 
matical term. Our experience in regard to the deter¬ 
mination of the proportion of loudness intensity does not 
■agree with the authors’. We use a balance method if 
possible, with two telephones placed to the same ear 
alternately (not one on each ear), and find that balance 
can be obtained to a Surprising degree of accuracy for 
either speech or tones. ' Estimations of loudness are not 
used. The obvious difficulty is in the fixing of the com¬ 
parison standard; but-for telephone measurements we 
-generally express our results in terms of a' definitely 
cahbrated standard. I agree with the authors’ state¬ 


ment on page 418 regarding the accuracy of aural 
balances, particularly with skilled observers. For speech 
tests we eliminate bias by the use of secret attenuation 
inserted by another observer. Referring to page 408, 
the authors’ claims regarding estimation of sound level 
are surprising. In our experience quite expert observers 
have not been able to do as stated, within a considerable 
margin. Turning to page 419, is the decibel scale a 
logarithmic scale of stimulus as quoted? Regairding 
Tables 3 and 6, it seems very surprising that the differ¬ 
ences between the calculated and measured values are 
greater the simpler the noise, i.e. the less the number of 
components and the more restricted the frequency range. 
One would have thought that the transformer quoted 
would have given the closest results, not the reverse. I 
note that the discrepancy is greater when the com¬ 
ponents are harmonically related. I should be glad if 
my above analysis could be confirmed by the authors. 
It would almost appear that the addition of frequencies 
not in harmonic relationship might reduce the apparent 
loudness. In speech transmission the addition of un¬ 
wanted frequencies produces a marked effect upon the 
articulation or intelligibility of the speech. The varia¬ 
tion in sensitivity caused by warming the telephone 
(page 418) is most probably due to the change in the 
magnetic air-gap dimension, not to changes in mechanical 
properties as suggested by the authors. Turning to 
page 421, if two sounds are present forming a complex 
sound, surely they must be taken as a whole and not 
analysed separately. It is not possible to measure 
one sound in the presence of any other, on account of 
masking effects, unless, of course, an elaborate harmonic 
analyser is used, and if this is done the method is 
objective, not subjective. 

Mr. J. Morris: Regarding the question of subjective 
observation (” measurement ” hardly seems the correct 
term to use in this connection), it appears that insufficient 
attention has been devoted to the physiological aspect. 
According to the authors the sound measured or observed 
is the total stimulus from all sources, including bone 
conduction, but there appears to have been no attempt 
to analyse the reactions of the various observers in 
the test outlined. Human beings are affected in many 
ways by^ vibrations of widely differing frequencies. 
Some individuals are adversely affected in the presence 
of a powerful organ when the lowest notes (32 cycles 
per sec. and thereabouts) are being played, the dis¬ 
comfort in some cases approaching actual physical pain. 
The conveyance of the vibrations is not in all cases done 
by means of the ear; it is sometimes effected by the 
actual sensation of feeling. Clearly the measurement of 
this form of stimulus is extremely difficult. . I should 
hke to mention an experience I had a few years ago in 
connection with certain experiments with apparatus 
■for the measurement of deafness, a problem closely 
-linked with the one under discussion. During one test 
-I was shut up in a very quiet room, with heavily carpeted 
floor and drapery-hung walls; reception was carried out 
on a shunted-telephone type of audiometer, and when I 
placed the receiver down prior to making adjustment I 
found I could still .distinguish, faintly but clearly, the 
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transmitted sounds. Although the apparatus was dis¬ 
connected, spoken words were still distinguishable. 
About 80 per cent of the words were received correctly 
when spoken in a voice slightly above a whisper in an 
outer carpeted and ordinarily furnished room. Tests 
made on other individuals met with little success, the 
results being practically negative in each case, although 
every care was taken to ensure exactly similar conditions. 
The possibility of the walls, door, etc., acting as a sound 
radiator was considered, but even if they had acted in 
this way it would have been impossible to explain why 
one person could distinguish sounds which apparently 
could not be detected by others, all persons of normal 
hearing. This experience suggests that v/here absolute, 
or even comparative, measurements are to be carried 
out in a way which will carry conviction to an interested 
person, subjective methods must in the end give w'ay to 
the objective type. Such methods are at present, how¬ 
ever, a good deal more expensive. Microphones of great 
fidelity of response, and amplifiers to cover a very wide 
range of frequencies, are being devised and simplified to 
a great extent. The use of direct-reading logarithmic 
voltmeters of the tjqje recently described by F. V. Hunt,* 
which utilizes the logarithmic relationship between the 
grid and anode voltages in certain types of variable-mu 
valves, should lead to the production of an objective 
type of noise meter upon which those who are not experts 
in noise measurement will be able to place reliance. In 
conclusion I would express the opinion that closer 
collaboration between the engineer and the aurist might 
result in a more rapid appreciation of the physiological 
aspect of noise measurement, and lead to a solution of the 
problem of how we hear. 

Mr. A. C. Hutchinson: Analysis of the authors’ 
scale of loudness values reveals that the loudness of a 
simple sound varies roughly as the fourth root of its 
sound energy. This approximation is of immense assis¬ 
tance in practical reasoning about problems of noise, 
and may be employed to justify two important principles 
of noise reduction, {a) that all the noise-emitting surfaces 
of a machine must be located and covered, and (&) that 
aural estimates of effects should be made at close quarters. 
It can be deduced from the law quoted above that the 
loudness of a sound should vary inversely as the square 
root of its distance from a listening point, and I have 
employed this relation for making rough measurements 
of machine noises by comparing them with a standard 
noise, in this case a 4-volt miniature horn. A listening 
point having been chosen at a standard distance from the 
machine under consideration, the standard noise was 
moved towards or away from that point until it appeared 
as loud as the machine’s iroise, when its distance from the 
listening point was noted. I should like to suggest that 
the next most important step towards the solution of 
engineering noise problems is the enunciation of some 
law—^however approximate—^to connect the noise levels 
due to a given source in free and enclosed spaces, taking 
into account the dimensions of the space, the nature of 
its enclosing surfaces, and a sort of “ mean spherical 
loudness ” quantity for-the emissive power of the source. 
[The remainder of Mr. Hutchinson’s remarks was similar 
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to his contribution to the London discussion (see page 
427).] 

Mr. F. V. Pipe: There is little doubt that when some 
reliable means of noise measurement is available the 
intensity of noise to be emitted by a particular machine 
will become a clause in the acceptance specification. 
At the present time the question of noise becomes a 
matter of opinion between the customer’s inspector and 
the manufacturer. In .the production of machines for 
special purposes where the elimination of noise is of 
particular importance, e.g. machines for installation in 
telephone exchanges or for the operation of telephone 
apparatus, it is necessary to take into account both 
mechanical noises and electrical noises. Commutator 
ripple, which may be transmitted to the telephones, is 
an example of the latter type of noise. Here it is ob¬ 
viously necessary to have some sort of standard by which 
to decide the acceptance or rejection of the machine. 
Some noises can be reduced by the expenditure of more 
time, trouble, money, and material, while others cannot 
be reduced below a certain minimum; consequently 
there is an incentive to produce a reasonably good 
machine at the lowest possible cost, whereas it might be 
possible to produce a rather better machine at a slightly 
greater cost. Some form of standard is necessary which 
will protect the manufacturer from the competitor who 
offers a worse machine from the noise point of view at a 
lower price, and will also ensure the user satisfactory 
operation in service. We have found that in measuring 
noises by the aural-comparison method it is compara¬ 
tively easy to strike a balance between two pure noises 
of about the same frequency, but it is by no means easy 
to measure a noise made up of mixed frequencies whose 
general frequency is very much lower than that of the 
standard pure note. 

Mr. F. G. Macdonald : There is no doubt that if we 
could " see ” sound we should be able to study the subject 
of noise much more easily. I think there is an instru¬ 
ment, called the " harmonograph,” which enables us to 
see sound. Surely we could obtain *' graphical sound ” 
by means of such apparatus, and thus be able to find 
out a lot more about sound than we can at present. I 
should like to know whether the authors have used a 
harmonograph for detecting sound. 

Ml'. W. N. Bray: In the first part of the paper the 
authors are trying to arrive at a straight-line relation 
between stimulus and sensation. They refer early on 
to the fact that, in accordance with the Weber—Fechner 
law, a scale for the interpretation of the r.m.s. pressures 
of pure tones in terms of the proposed units of sensation 
was evolved. Later, in Fig. 7, they arrive at a curve of 
decibels and on taldng antilogarithms obtain a straight- 
line relation. There seems here to be some redundance, 
and I should like to have the authors’ views on this point. 
They mention two circular saws providing noises of 160 
decibels, and compare them with one circular saw and 
the ticking of a watch. If 160 watches were put in a 
box, however, they would not make as much noise as 
one circular saw. To. obtain equality between the two 
noise levels, would the watches have to be so syn¬ 
chronized that; they all ticked at the same moment ? 

[The authors’ reply to this discussion will be, found 
on'page 4,42.] ; . 
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Mr. A. T. Robertson: Noise is becoming a greater 
nuisance the more we become industrialized, and a 
standard method of measurement of this nuisance on 
an agreed scale is obviously essential. It must be 
admitted that the decibel scale is inadequate for indi¬ 
cating subjective loudness, and since it is the. sensation 
which the noise causes an individual that is the nuisance, 
a scale that bears a fixed relation to sensation rather 
than stimulus seems to be required. The authors have 
shown that a logarithmic scale of physical stimulus does 
not correspond to an arithmetic scale of sensation; the 
relation between the two is, in fact, so far from one of 
direct proportion that it is doubtful whether a scale of 
decibels above threshold is of any real value for lay use. 
For most investigations involved in the reduction of noise, 
frequency-analysis investigations using a physical scale 
are of course essential. Some 25 years ago I used the 
subjective balance method A (page 416) for the deter¬ 
mination of the forces on the cutting tools of lathes, and 
found the results obtained by a number of observers to 
be remarkably consistent. This was to be expected, 
because the noise and the reference tone were identical 
when balanced. I am surprised at the closeness to 
which various observers agree in their estimates of half 
and quarter loudness, but the authors seem to have 
taken every precaution to ensure that the agreement 
is not fictitious. Having determined a scale from zero 
(threshold) to 100 decibels above threshold, the authors 
suggest that the most trustworthy method of deter¬ 
mining the loudness of a noise on this scale is the 
aural comparison method. American investigators* 
claim, however, that the “ total noise ” meter will give 
more consistent results than any single observer, and 
will give similar results to the average of a sufficient 
number of observers to eliminate individual discrepan¬ 
cies. When the noise is of a nature that is not dis¬ 
agreeable, its deafening effect rather than its loudness 
is a measure of its nuisance, and for this reason the 
masking method of assessment would seem to be the 
correct one to employ, rather than that of aural balance. 
It is suggested that the increased loudness for a given 
stimulus experienced with harmonically-related noises, 
such as those obtained from transformers, is due to the 
hearing system producing a sensation due to the sum 
and difference tones: can this suggestion be confirmed 
by calculation? 

Mr. W. D. Horsley; Section (2) of the paper, which 
deals with methods of re-determining the properties of 
the hearing system of the average individual, is inter¬ 
esting and the results obtained appear ,to be consistent. 
A considerable amount of research work still remains 
to be earned out, as is indicated by the experiments 
described in Section (4). These experiments show that 
the noise due, for example, to a transformer, which 
consists of a fundamental note and harmonics of the 
fundamental only, has a higher sensation level than a 
noise of equivalent energy which contains components 
of various unrelated frequencies. Had it not been for 
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this peculiarity of the human ear, a satisfactory noise¬ 
measuring instrument of the objective type, i.e. “ an 
artificial ear ” as defined by the authors, could no doubt 
have been readily developed. In order to meet the 
demand for a noise-measuring instrument which will 
enable various types of apparatus to be compared on a 
reliable basis, the authors have resorted to the subjective 
method and have produced an instrument which gives 
satisfactory results in practice. The measurement 
obtained does, however, depend to some extent upon 
the observer, and it may be necessary for several tests 
to be made by a number of persons. For this reason, 
the objective method, in which a direct reading can be 
obtained from the noise-measuring instrument calibrated 
in suitable noise units, is much to be preferred. The 
investigation should therefore be continued until an 
instrument can be made to simulate the response of the 
average human ear, taking into account all of its pecu¬ 
liarities. With regard to Section (6), a large number 
of noise problems arising in engineering and other 
spheres are not due to noise emanating directly from 
. the apparatus which is the source of the energy, but are 
caused by resonance or by the transmission of vibrations 
through floors or along steelwork. The apparatus may 
be well within the required standard of noise level, as 
measured by the noise instrument, but the amount of 
energy required to produce a loud sound is so small that 
a slight vibration—if transmitted to a suitable sounding 
surface—^will cause an unbearable noise. An interesting 
example of this land of problem is that of a geared 
turbo-alternator set which was installed in a power 
station at the lower end of a long street. At the upper 
end of the street was situated a bowling green, which 
was above the street level, and to some extent closed 
the street at that end. ' An unpleasant drumming noise 
was experienced in the bowling green when the set was 
running. It was found, on walking down the street ‘in 
the direction of the power station, that the noise dis¬ 
appeared and then reappeared again for a short distance 
about one-quarter of the length of the street from the 
lower end. In the power station, the noise level was nor¬ 
mal for this type of plant and the predominant note was 
that of the gearing. It was eventually found that the 
cause was air vibrations set up by the coil connections 
on the alternator rotor. The street was evidently acting 
as an organ pipe whose natural frequency corresponded 
to that of the air vibrations from the rotor. A very 
slight modification to the connections cured the diffi¬ 
culty. In another instance excessive noise was experi¬ 
enced in an office adjoining a power station. It was 
found that the girders supporting the floor extended 
into the engine room and rested upon one of the founda¬ 
tion blocks.- Vibrations were apparently transmitted 
along the girders, and an objectionable noise was built 
up in the office owing to resonance. The difficulty was 
overcome by severing the direct connection between the 
girders and the foundation block, 

Mr. C. Giles: The decibel scale, of which I believe 
the authors were the originators, is most unsatisfactory 
to use in practice, as it has not a straight-line connection 
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with loudness as perceived by the ear. Readings in 
decibels therefore convey no meaning as to relative 
loudness to the average engineer, and even those with 
a good knowledge of the scale find decibel readings 
difficult to interpret. The ideal is a scale like most 
other scales, in which 50 units of noise are ^ of 100 units, 
and 25 units are ^ of 50 units; not l/20th and l/6th 
respectively. Such a scale is shown in Fig. 7. It would 
be a great help to the better understanding of relative 
noise-levels if such a loudness scale could be universally 
adopted instead of the decibel scale for use in noise¬ 
measuring instruments. Although the curves shown in 
Fig. 7 were obtained experimentally by aural tests on 34 
people, I have found that they can be represented very 
closely by the expression: Loudness = (Decibels)^ X 10~®; 
they would therefore appear to have a sound physical 
foundation. I am sorry to see that the authors have 
not attempted to give, as a standard, some recommenda¬ 
tion as to how far from the source of noise and at what 
height above the ground the noise should be measured. 
The figures given in Table 3 are of little value for this 
very reason. I should like to know whether the con¬ 
crete foundation blocks shown in one of the slides are 
set firmly into the ground or rest on some sound¬ 
absorbing material. 

Mr. E. Fawssett: I am reminded of my Address to 
the Meter and Instrument Section,* in which I suggested 
that there was no accepted definition of the difference 
between " music ’* and “ noise.” I rather feared I was 
in error, but notice that the authors seem in doubt too, 
and have had to frame their own definition. Personally 
I would invert their illustration of modern orchestral 
compositions, and say that people with an appreciation 
of the works of Beethoven, Mendelssohn, and the like, 
would certainly classify the modern compositions as 
noise; all of which shows my original contention, that 
there is no recognized dividing line, to be correct. I note 
in Fig. 1 that the authors have only been able to go up 
to 6 400 cycles per sec., and that the curve only applies 
to the weak sounds at the threshold of hearing. I should 
like to know whether this curve applies in general to 
much louder sounds—say, of the order of 80-100 deci¬ 
bels—and, if so, whether if the total amounts of noise 
emitted by a machine at 4 000 and 8 000 cycles per sec. 
respectively were the same, the sensation to the human 
ear would be very much less in the latter case. I rather 
doubt the suitability of 800 cycles per sec. as a reference 
for all sorts of complex noises. It seems to me rather 
on a par with trying to balance the intensity of a red 
light against that of a green, which is not as easy as 
comparing both against a white. The white light, being 
a mixture of colours, compares with a complex noise, 
which seems to me the better standard. Then I would 
prefer to use one ear only and an offset receiver, em¬ 
ploying the masking method, which to untrained ears 
seems to give very satisfactory and consistent results as 
between different observers. There is another feature 
of noise which has not been referred to, that is whether 
it is intermittent, and, even worse, irregularly inter¬ 
mittent, or continuous. I am reminded of a case of 
an a.c. lift motor starting up, the noise from which in 
a nearby examination room rendered work impossible 
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largely because of its intermittence. The same noise, 
continuously audible, wouid not have been insupport¬ 
able. The annoyance due to a noise is also greatly 
dependent on the background. An electricity meter 
may develop a slight buzz or hum of the order of 
20 decibels above zero, which is absolutely innocuous in 
ordinary positions in daytime where the general level 
may be 30 decibels or more: but at night, if the meter 
is fixed outside a bedroom door, the noise may become 
utterly unbearable. We have had many meters^ to change 
from this cause; the noise emitted from them was almost 
impossible to detect in the test room. Other domestic 
electric noises that are a source of nuisance are the buzz 
caused by a radiator owing to some metalwork getting 
into step and emitting a noise of about 30 decibels 
5 yards away in a quiet room, and, worst offender of all, 
the noise due to a vacuum cleaner. The latter can be 
heard all over a house, and in another room has a 
volume of the order of 50 decibels; in the same room 
up to 70 decibels or more. The decibel scale has been 
severely criticized: for the general public it is not very 
suitable, as it is not easy for them to realize that 
100 decibels represents a noise of much greater intensity 
than twice 50; but to the engineer who can train himself 
to think logarithmically, the scientific basis of the unit 
should appeal. 

Mr. J. A. Harle: The paper presents a very impor¬ 
tant advance in the subject of noise measurements, as 
its strong practical bias distinguishes it from papers 
dealing with the purely physical aspect of sound. The 
object of the authors' work, the suppression of all 
mechanical noises, is becoming more important as 
machinery enters into modern life. It is obvious that 
the apparatus necessar 5 »- for the carrjdng-out of this work 
must of necessity be of two lands: the first that deahng 
with the assessment of the total noise, and the second 
that dealing with the analysis of the noise, which is of 
primary interest to the persons responsible for locating 
and eliminating the source of the noise. I think the 
scheme proposed by the authors for assessing the total 
noise is on the right lines as the apparatus is portable and 
can be applied anywhere, and their test results show that 
consistent readings can be obtained from a variety of 
operators. In addition to the work carried out on the 
purely technical side of sound measurement, there is 
considerable scope for work on the physiological side, 
i.e. the determination of what is the maximum back¬ 
ground noise that average people can tolerate before it 
becomes a strain on the nervous system. The modern 
vogue of large offices containing large groups of people, 
for example, tends to increase the intensity of back¬ 
ground noises; and fans, ventilating systems, etc., also 
add their quota to this factor. In an office with which 
I am associated we frequently find that if the rate of 
working of the combined heating and ventilating system 
is suddenly cut down, the staff at once realize that they 
are shouting. Such conditions undoubtedly add to the 
physical strain of those working under them. There is 
no question that legislation will ultimately have to be 
introduced to deal both with street noises and with the 
noise emitted from adjacent buildings, and the measuring 
device proposed by the authors should have its field in 
assessing such noise. Broadcasting has introduced 
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problems with regard to noises from adjacent buildings, 
and I think it is time that legislation was passed deahng 
with the question of how much noise should be allowed 
to be transmitted from one occupier’s premises to 
another. The people listening to the broadcast pro¬ 
gramme would describe the noise as music, but it would 
appear that noise can only be music if one wants to 
hear it. It is up to the electrical industry, which has 
created broadcasting for the world, to ensure that the 
people occupying adjacent buildings are protected 
against careless operation of the receiving equipment. 
I think it very desirable that the administration of such 
anti-noise legislation should not be placed in the hands 
of local authorities, because tramcar systems are 
generally among the greatest offenders from the point 
of view of noise production, and the usual attitude of 
such authorities is that noise is objectionable if it is 
produced by apparatus in the possession of private 
persons but not if it is emitted by apparatus belonging 
to the local authorities. 

Mr. J. F. M. Mellor: Just as the contraction of the 
iris protects the human eye from a brilliant light, so 
apparently some agent de-sensitizes the ear to prevent 
discomfort from sounds of considerable intensity. An 
observer, concentrating on considering the main com¬ 
ponent of a noise, might have his ear de-sensitized by 
an overtone of that note, which, although of lower 
intensity when measured in d 3 mes per cm^, might 
stimulate the ear to a greater extent than the lower 
note, as estimated from the frequency/sensitivity curve 
of the ear relating pressure and frequency. This effect 
would influence measurements of sound intensity made 
with an apparatus employing the human ear as a com¬ 
parative operator. Is this effect taken into account 
when assessing loudness with the “ artificial ear ” men¬ 
tioned in the paper ? I should like to know whether 
the relation between the sensitivity of the ear and 
various audible frequencies follows the threshold-of- 
hearing curve (Fig. 1). The absence of uncomfortable 
aural stimulation, when one is listening to the low note 
of a large organ pipe or to the high-pitched noise of 
escaping steam, seems to indicate that hearing is most 
acute for loud sounds of frequencies at which it is most 
sensitive on the threshold of audibility. This means 
that the sensitivity curve is inverted for vibrations of 
great intensity. To express the noise disturbance of a 
machine should we not use a scale for assessing the 
noise intensity from the machine above the normal 
noise of that locality ? A transformer hum of intensity 


60 decibels above threshold might not worry men working 
in a factory beside the apparatus during working hours, 
but that hum intensity, at the same distance from the 
transformer in a rural substation, might be very annoying 
to people living close to the troublesome apparatus. 

Mr. W. F. Smith: The authors’ threshold calibration 
measurements have been made on pure tones, and for 
the complex tones it is assumed that a note, of a certain 
frequency and loudness will give the same sensation no 
matter whether it is heard as a pure tone or as one 
component of a complex sound. This assumption 
cannot be avoided, but in making the threshold measure¬ 
ments great care has been taken to avoid background 
noise, which has only the same effect (i.e. de-sensitizing 
of the ear) on the pure tone as the presence of other 
frequencies might have. It would seem, therefore, that 
the presence of some little background noise may even 
lead to a result more in keeping with actual conditions. 
Again, certain frequencies may have a greater de¬ 
sensitizing effect on some persons than others, and the 
threshold of hearing of a pure tone when incorporated 
in a complex sound may vary quite apart from the 
variation due to the different aural qualities of indi¬ 
vidual observers. With all these limitations on the 
measurements made by the subjective method, the 
objections to the use of an " artificial ear ” tend to 
relative unimportance on comparison. If the artificial 
ear were made to cater for the main components of a 
complex sound it should be possible to compare sounds 
reasonably accurately as far as industrial engineering 
noises are concerned, even if not for communication 
engineering. The use of an artificial ear is a scientific 
method, and although absolute measurements may not 
be possible it is thought that comparative readings 
would be more reliable than those of the subjective 
method. The authors have accepted the subjective 
method on the agreement shown by the observations of 
only 4 observers in some cases, but, owing to the wide 
differences in the aural senses of individuals, I consider 
that the observations of about 400 persons are necessary 
before the accuracy of the method can be assumed. In 
making comparison between a noise and a standard of 
reference a method is employed whereby the standard 
is applied to one ear and the noise to the other. The 
responses of both ears to any particular sound are hardly 
likely to be identical, and even the average of tests made 
by interchanging the sources of sound is lUcely to give 
rise to errors owing to the fact that the response of the 
ears varies so much with frequency. 


The Authors’ Reply to the Discussions at London, Liverpool,' Manchester, Glasgow, 

Birmingham, - Leicester, and Newcastle. 

frequency of air vibrations. This being so, it is 
: ibe discussion has brought to light the great inevitable that noise cannot be stated completely in 
amerepces of opinion which are to be encountered on terms of physical units, but that attention must be given 
A -f^ determination and state,- to the magnitude of the sensation experienced by the 

ment ot Its magnitude among engineers and aconstip individual. Since there ip no known way of measuring 
A VA—^ ^ large extent the divergence is due to a loudness sensation directly, the method we have used 

people to appreciate the fundamental ; that of determining the magnitude of a suitable standard 

much with the ' stimulus which evokes in average people equal loud- 
po se Of the nervous system as with the magnitude : ness sensations, seems to' be the only one available. It 
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follows, therefore, that whatever other methods of assess¬ 
ing loudness are proposed they must be calibrated or 
checked for the type of noise in question in terms of this 
standard stimulus. The other methods are bound to 
assume as a working basis that the ear responds in a 
certain way, e.g. that it behaves as an r.m.s, meter or 
that there is a constant relation between aural balance 
and deafening effect, but the aural balance method is the 
final court of appeal. As Tables 10 and 11, together 
with numerous subsequent tests, show that there is little 
difficulty in the use of the balance method, even by inex¬ 
perienced people, we have recommended it as of general 
application. In this connection it is interesting to note 
that there are definite indications that the aural balance 
method carried out by alternate listening with a pure 
tone in free space (method D of Table 8) will be an 
international standard. We quite agree that there is a 
great need for an objective noise meter in order to 
rerriove the personal element as much as possible in 
cases of dispute, but it is only so far as the indications 
of such a meter agree with aural balance measurements 
that it is generally applicable. There is also the point 
that the cost of a reliable objective noise meter is many 
times that of an aural balance meter and usually pre¬ 
cludes its use by any but the largest concerns. The 
most important point, however, which is dealt with in 
Section 4(a), is its failure to differentiate between a 
noise with a series of harmonic components and one 
without. The method is therefore quite unsuitable for 
the study of harmonic noises, e.g, transformer noise, and 
must be used with caution in other cases. 

The objection that the aural balance method would be 
liable to error due to ” tone deafness ” on the part of 
the observer is not serious, as we have yet to meet a 
person who is sufficiently deaf to affect his readings 
without such deafness being known to himself and- his 
associates. One should no more ask a deaf person to use 
an aural noise meter than a blind person to use a micro¬ 
meter. 

The fact that there is no fixed relation between aural 
balance readings and deafening, or masking effect, does 
not appear to deter a number of speakers from using 
the masking method , to assess noise. They appear to 
consider it more important that some figui-es should be 
obtained easily by inexperienced persons than that the 
figures should have any general value for comparison 
with those obtained on other types of noise. This may 
be so in certain restricted cases, such as the routine 
checking of a large number of machines of the same 
type where the corresponding aural balance reading has 
been determined and will be used in relating the noise to 
any other. To create the position that two noises should 
be rated as equal because they have the same deafening 
effect on a particular reference sound, and even when they 
are clearly not equal in loudness when compared directly, 
is highly undesirable. No such anomalies arise in the 
use of the aural balance method as it is applicable to any 
steady sound, and, as it has been shown to be so rimple 
that people using it for the first time get good agreement 
with experienced people, its supefiority over the masking 
method for general use appears to be established. 

The opinions expressed on the question of a distinction 
between loudness and nuisance show: quite clearly that 


" one man’s meat is another man’s poison.” Some, 
speaking of a transformer hum, complain of its mono¬ 
tonous continuity, while others are disturbed by the 
" irregular intermittence ” of, a lift motor. In the same 
way some dislike high-pitched noises and some low. 
This is clearly a point in favour of a subjective, as 
opposed to an objective, method of measurement, as it 
permits the investigation of such personal differences. 
We have tried on many occasions to obtain definite 
information which would confirm the reality of such 
preferences for certain types of noise, but when investi¬ 
gated quantitatively the results are inconclusive. There 
is no doubt a large field for psychological research 
on the matter and also into the general effect of noise 
on the nation's health and productive capacity. An 
obvious step, which is being taken in some quarters, is to 
carry out noise measurements in all cases of complaint 
in order to collect data for subsequent examination. 

The question of where and how a noise measurement 
should be made on a piece of apparatus is mentioned by 
several speakers, apparently with a view to defining 
test conditions which would be generally applicable. So 
many■ variables are involved, however, that it is better 
to be guided by the use to which the results are to be 
put, bearing in mind that it is not possible, in general, to 
deduce with certainty the effect of changed conditions 
on the equivalent intensity of a noise. For purposes 
of comparison of the noise of one machine with a standard, 
or for analysing the noise into its constituents, there is 
much to be said for a test under ” free space ” conditions 
in a suitable laboratory. For predetermining the noise 
under defijiite conditions the safest procedure is to test 
under those conditions at the point where the noise is 
required to be known, or, if this is not practicable, to 
imitate the conditions as closely as possible, e.g. test an 
indoor transformer in a reflecting room and an outdoor 
transformer either out of doors or in an absorbent room. 

The paper is criticized as dealing with only one aspect 
of the problem of noise measurement. A glance at the 
Table of Contents is a sufficient answer to this. It is true 
that Section (3), dealing with noise ^analysis, was made 
as brief as possible, but this was because it had formed 
the subject of a previous paper.* It was therefore 
sufficient to mention the improvements achieved since 
the writing of that paper, the general principle being 
unchanged, . 

Probably the point which has aroused more discussion 
than any other is whether or not the decibel scale of 
relative intensities is sufficient as a scale both of stimulus 
and of sensation, or whether it needs the help of a linear 
scale of sensation to create the right impression in people 
who are unfamiliar with the decibel scale and do not wish 
to study it. It appears from an examination of the 
discussion that, generally speaking, it is the engineers 
and those in close contact with them who are in favour 
of the loudness scale; while acoustic technicians axe quite 
satisfied with the decibel scale,: since they are used to it 
and think another scale; would cause confusion. In any 
case, the lax, use of the word " decibel ’’ has made a 
change .in .nomenclature long,overdue, so, that an oppor¬ 
tunity of,clarif 5 dng the whole position is presented. We 
are in agreement with Dr. Davis’s suggestion to use the 

• ^ JourHal l.E.E.,1930, vol: QSyp. &7J 
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decibrig as a logarithmic unit of general application, 
with the decibel as a special case when applied to acoustic 
intensities, and the phon for decibels above threshold at 
800 or 1 000 cycles per sec. A noise will then be stated 
as "so many phons ” when it sounds as loud as a pure 
tone of 800 or 1 000 cycles per sec. of the same number 
of decibels above threshold. A further scale of loudness 
need cause no confusion and, as many engineers have 
testified, would greatly assist by giving helpful instead 
of misleading impressions of relative loudness. Such a 
scale has in fact been proposed in America since the 
paper was written and is in fair agreement with Fig. 7, 
even though obtained in quite a different way. Also if 
the results on loudness estimates recently obtained by 
American investigators are used to construct a curve 
similar to that of Fig. 7 good agreement is again obtained. 
It is highly desirable, therefore, that all these results be 
examined and a representative loudness curve evolved. 
This is being done and the curve will be published in due 
course. 

While the many cases of trouble from vibration or 
noise which have been described are very interesting, it 
is not possible to comment on them individually. The 
remainder of this reply will therefore be directed to 
points of general interest that have been raised. 

Dr. Davis rightly says that " In almost all cases the 
object of noise measurement has been noise suppression.” 
It follows that since we are interested in the mitigation 
of noise sensations we are interested in the measurement 
of the physical causes of these sensations only so far as 
the relation between the two is known. Dr. Davis is 
correct in saying that for a pure tone the number of 
decibels gives a " scale ” of loudness just to the same 
extent that he may say that the angular deflection of 
the pointer of a square-law meter is a " scale ” of current. 
The number of decibels is, however, no more proportional 
to the sensation of loudness than is the angular deflection 
of the meter to the current, and to insist on using the 
number of decibels as a measure of loudness is equiva¬ 
lent to refusing to calibrate the meter and persisting in 
quoting any currept as " that producing an angular 
deflection of x degrees.” Dr. Davis also says that 
“ Nature works more or less on a logarithmic basis in 
the transmission, attenuation, dissipation, insulation, 
and absorption of sound.” It is true that in passing 
through a partition the physical intensity of a pure tone 
(and of each pure-tone component of a complex sound) 
is reduced by a fixed number of decibels regardless of its 
initial intensity. If, however, we measure, in the case of 
a complex noise or a pure tone outside the 700-4 000- 
cycle range, the intensity of the equivalent pure tone on 
each side of the partition, we find that the change of 
the equivalent tone, i.e. the attenuation in phons, does 
depend upon the initial intensity as well as on the nature 
of the complex sound. Dr. Davis suggests measuring 
loudness by the number of phons. Nature certainly 
does not arrange that in “ transmission, attenuation, 
dissipation, insulation, and absorption of sound ” the 
change of phons shall follow the simple laws governing 
the change of decibels of a pure tone. Dr. Davis sug¬ 
gests that the effect of multiple sources is more " com¬ 
plicated” on the subjective scale. When this point is 
fully considered it is evident that the complication lies 


in the determination of the change in decibels and phons, 
particularly with complex sounds; the subsequent con¬ 
version of the phons into a subjective loudness figure is 
a perfectly simple matter. The fact that the subjective 
loudness scale does not assess two sources as twice as 
loud as one, or as having half the loudness at twice the 
distance, is natural. We have not heard it suggested 
that such relations hold. When information is asked 
on the relative loudness of two sources compared with 
one, it is useless to quote the physical change in decibels 
or phons, since the significance of a given decibel change 
varies enormously according to the initial level. Hence 
the decibel or phon scale is incapable of direct informa¬ 
tion regarding relative loudness. With regard to the 
assertion that the decibel scale is easily interpreted by a 
layman, we would refer Dr. Davis to the remarks of 
Messrs. Hoseason, Hutchinson, Ellis, Robertson, and 
Giles, and to the remarks of Dr. Kaye quoted by Dr. 
Hughes. With regard to the reasons for using Fig. 7 in 
preference to Fig. 4, a point which is also raised by Mr. 
Hoseason, the most important objection to Fig. 4 as a 
scale of loudness is that it assumes that the minimum 
detectable increments in loudness are all equal in 
loudness. The fact that Fig. 4 does not even approxi¬ 
mate to Fig. 7 indicates that this assumption is not 
true. The point is being dealt with at length else¬ 
where. 

In reply to Mr. Howe, the filament control in the 
oscillator of the portable noise meter operates only over 
a small range of filament voltage, and is quite permis¬ 
sible with small oscillator valves of the type used. The 
wave-form has been examined, and no harmonics of 
measurable magnitude are present. Replying to Messrs. 
Howe and Jones, we would point out that, as stated in 
the paper, all measurements of acoustic pressures were 
made under non-reverberant conditions with the micro¬ 
phone facing the source, and therefore the question of 
the polar diagram of the microphone does not arise. 
With regard to the effect of a reflecting enclosure, the 
figure of 5 decibels increase of level was not intended to 
be a maximum figure. The effect is clearly dependent 
on the volume of the enclosure relative to the size of the 
source and the absorption present. 

Mr. Ayres desires an " agreed threshold,” but it is 
surely clear that to be of utility this must at least 
approximate to that of the average person. The dis¬ 
advantages of an " agreed threshold ” at 1 dyne per cm^ 
or at 1 lb. per sq. in. will be obvious. It was therefore 
necessary to determine the threshold intensities of the 
average person. With regard to the subjective scale of 
loudness, it is clear that extension in one part of the 
scale involves contraction in another. The vital point 
about the scale is that the loudness-scale number is 
proportional to the magnitude of the sensation. We 
would also point out that the thermometer carries a scale 
of temperature but not one of " warmth sensation,” and 
it is common knowledge that the sensation of warmth 
experienced in a room does not depend merely upon its 
temperature. 

Mr. Norris says that it is difficult to measure the noise 
from a large transformer. It has already been pointed 
out that it is only possible to measure the noise levels at 
chosen points, and in the case of transformers, as with 
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other apparatus, it is necessary to choose these points 
and to arrange the surroundings so that the measure¬ 
ments made will be relevant to the purpose in view. 

In reply to Mr. Bull, we have applied the evaluation 
of Fletcher and Munson to various measured noises, but 
although it gives results which are usually closer to the 
measured values than those found by the rough method 
of " summed equivalent energy," large discrepancies still 
remain. Although this method of calculation is more 
complex than any of its predecessors, in our view it fails 
because it is still much too simple to simulate adequately 
the action of the ear. Mr. Bull suggests that the 
summed equivalent-energy figure shows greater dis¬ 
agreement with the measured value with a large number 
of components, and that the divergence between the two 
depends upon the number of components rather than on 
the harmonic relationship. We would refer to Table 3, 
where (1) shows a sound having 20 components and a 
divergence of only 1 decibel between the measured level 
and the summed equivalent-energy figure, whilst (6) and 
(6) have only 8 and 9 components respectively and show 
discrepancies of 31 and 28 decibels. 

Mr. Hutchinson prefers the equal-loudness contours of 
Fig. 2 drawn as intensity levels instead of as decibels 
above threshold, and for some purposes this will be the 
more convenient form. 

Dr. Hughes asserts that “ experience in America did 
not suggest the necessity for a subjective scale " of 
loudness. We would refer him to the references given 
in the paper. With regard to his statement that we 
have not referred specifically to objective methods of 
noise measurement, we would refer him to the paper 
itself. We are in complete agreement with the remarks 
of Dr. Kaye which Dr. Hughes quotes. It is just because 
" the decibel scale of noise levels is one to be learnt by 
personal experience " that a subjective scale is necessary. 
Dr. Hughes concludes by saying that “ To be a fact and 
not an impression, noise must be measured objectively." 
Since noise is a sensation it is necessarily both a " fact " 
and an ” impression,” and a sensation obviously can 
never be measured objectively. This does not preclude 
the measurement of some function of the stimulus which 
may be proportional to the sensation, but the mere 
determination of such a functiod, quite apart fi'om the 
construction of an instrument operating to the same law, 
requires a knowledge of the response of the ear to 
complex tones which does not yet exist. 

In reply to Mr. Devey, the observer using the noise 
meter has one ear open and presented towards the 
source. We would refer him to the reply to Mr, Norris. 

Speaking of the threshold determinations Mr. Williams 
asserts that the authors agree that the methods which he 
classifies as {a) give two different results. We do not 
agree. These methods give four different results. In 
selecting which value of threshold is to be measured it is 
obvious that the most relevant criterion of threshold 
must be chosen, and the reasons for selecting our method 
are very clearly set out at the beginning of Section (2). 
It must in any case be realized that divergencies between 
the four tlireshold values are not large enough to be of 
much practical importance. Mr. Williams also complains 
that " the authors give very little information ... on the 
method of averaging." Since the methods of deter¬ 


mining modes and deviations may be found in textbooks 
it was not considered necessary to include them in the 
paper. It is obvious that considerations of space pre¬ 
clude us from giving all the mode curves, as Mr. Williams 
desires. The degree of " normality " of a distribution 
can be inferred from the values of the mean and standard 
deviations, and it was for this specific reason that both 
values were given. 

Prof. Scholes inquires about the use of the noise 
analyser. This apparatus can readily be used in situ 
and has been in constant use for the examination of the 
noise emitted by various t 5 q)es of machines both on site 
and in the laboratory. A complete analysis occupies 
from 10 to 30 minutes, according to the number of com¬ 
ponents present in the sound. The analysis of the sound 
from a machine enables us not only to find those com¬ 
ponents which are loudest and which must therefore be 
dealt with first but also to determine which part of the 
machine produces them. 

In reply to Mr. Taplin, the lining of the test rooms is 
provided to eliminate sound reflection, and the motor 
shown on test in the slide was bolted to a bed-plate 
mounted on a large concrete block not connected to the 
floor and having foundations separate from the rest of the 
building. 

In reply to Dr. Prescott, the whole question of the 
relation between loudness and annoyance is at present 
very little understood and requires further investigation. 
This in itself is a strong reason for deprecating the use 
of " objective ” meters. In using the aural balance 
method it is always open to the observer to determine 
separately the intensities of the standard tone which are 
respectively as loud and as annoying as the noise under 
investigation, provided he feels that he can make the 
distinction. Before the distinction can be examined it 
will clearly be necessary to define what is implied by the 
words " loudness ” and " annoyance." 

Mr. Chadwick suggests that the thickness of the air 
space between two walls is important since the vibrations 
on the one wall will be transmitted to the other by the 
compression and consequent pressure-rise of the air film. 
This would be correct if the air space were indeed a film; 
that is, if its thickness were comparable with the ampli¬ 
tude of vibration of the inner wall. It would not be 
practicable, even if it were desirable, to build brick walls 
with a spacing of much less than 2 inches, and this is so 
large compared with the vibrational amplitudes involved 
that the two walls behave independently. 

The methods used in calibrating the condenser micro¬ 
phones are as Dr. Say suggests, and very satisfactory 
agreement has been found between the various methods 
in the range of overlap. 

In reply to Mr. Durand, the question of the trans¬ 
mission of noise into the test room along the shafting 
has of course been examined, and the necessary steps 
have been taken to avoid error due to this. 

In reply to Mr. Woodward, the frequency range of 
100-6 400 cycles per sec. was adopted since this range 
covers almost all the noises encountered in the industrial 
field. We would point out to Mr. Ross that we do not 
" stress the liability to error of observation when dealing 
with harmonic sounds," The point stressed was that in 
these cases the value obtained by the method of summed 
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equivalent energy and by the ordinary ” objective ” 
meter shows a large error when' compared with the 
observed value. The " liability to error ” lies not in the 
aural balance measurement but in the use of the energy- 
summation principle. 

In reply to Mi*. Stokes, the fundamental frequency of 
the noise from a 50~cycle unpolarized transformer is 
100 cycles per sec. since the forces between the lamina¬ 
tions of the core depend upon the magnitude of the flux 
and not upon its direction. The non-linearity of the ear 
introduces harmonics and sum and difference tones, but 
not sub-harmonics. 

In reply to Mr. Fawssett, Fig. 1 shows the threshold 
pressures, that is (in this case)' the largest pressures 
which are inaudible. The curves showing the pressures 
which produce tones of the same loudness at different 
frequencies may be found by compounding Fig. 1 and 
Fig. 2. 

The question of bone conduction is raised by Messrs. 
Brookes and Morris. There are two aspects involved; 
the transmission of energy by bone conduction from one 
ear to the other, and the transmission of energy from the 
telephone case direct to the inner ear. Regarding the 
first, the attenuation introduced by the bone conducting 


path is about 60 decibels. At the position of balance in 
the aural balance method the intensities in each ear are 
comparable, so that the introduction of a tone attenuated 
by 60 decibels is of no importance, and, in general, it 
will be completely masked. With regard to the second 
point, this possibility is reduced by the use of a soft 
rubber sealing cap on the telephone; direct measurement 
shows that the energy reaching the ear by means other 
than the pressure generated in the ear canal is at least 
60 decibels below the latter, and so does not affect the^ 
level as determined by measurement of the pressure in 
the ear canal. 

In reply to Mr. Bray, we have not been “ trying to 
arrive at a straight-line relation between stimulus and 
sensation.” Only the uncompromising advocates of the 
decibel loudness scale pursue this course. We have been 
tr 5 ring to find what that relation really is: hence the sub¬ 
jective scale of Fig. 7. With regard to the use of this 
scale with multiple sources, we refer Mr. Bray to our 
reply to Dr. Davis. 

In reply to Prof. Parker Smith and to Mr. Macdonald, 
the use of oscillograms to study sustained noises was 
investigated and discarded by two of the present authors 
as long ago as 1926. 
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The science of electrical engineering was born again 
when the physicist showed how electricity could be 
liberated from metal. Except in lightning—^that uncon¬ 
trolled and terrific manifestation of electricity—few 
people used to think of it other than confined in metal 
or in some other material. It is true that in this im¬ 
prisoned state electricity is still the most valuable ser¬ 
vant which mankind possesses: Confined to its metal 
conductors it still lights our houses, drives our vacuum 
cleaners, heats our electric fires and cookers, runs our 
electric trains, and performs a hundred other services. 
When liberated, however, electricity shows potentialities 
of which no one had dreamed in that more pedestrian 
period which preceded the present century, and which 
indeed ran on till the War. 

It is generally, or anyway it used to be, several years 
before a scientific discovery found practical application 
in everyday life, and this new free state of electricity 
was a mystery of the physicist for nearly 10 years before 
others took serious notice of it. 

It all started with the discovery by Sir Joseph Thom¬ 
son in 1897 of the electron, that minute ultimate con¬ 
stituent, which is to electricity in the mass what the 
grain of sand is to the whole sea-shore. After Thomson, 
electricity had no longer to be studied and thought of 
in the mass. It was made up of myriads of separate 
electrons whose characteristics could be studied. Just 
as physiologists had learned that disease could be 
envisaged in terms of isolated germs and their life 
history, so the physicist had found that electricity could 
be thought of in terms of the individual electron, its 
habits and affinities. The discovery by this great 
Carnbridge physicist was hardly noticed by engineers 
until well into the present century. Shortly before the 
War, however, there were a few who were struck by the 
new theories and experiments. One of the first, of these 
people was Sir Ambrose Fleming. He had some knotty 
problems to unravel connected with the behaviour of 
ordinary electric lamps, which used to ” flash ” and 
destroy themselves for no apparent reason. I remember 
well his talks on the subject. The new theories helped 
him, and furthermore led him, as an engineer, to think 
how this new knowledge of the physicists might be used 
in other ways. So he became one of the pioneers of 
free-electron engineering, which has opened out for 
electricity a new era of conquest and service. The 
developments from this, which I want to, discuss this 


evening, are revealing possibilities in the future, to 
which few would be bold enough to set a limit. 

If we look broadly at the applications of electricity 
we shall find that the reasons for its universal adoption 
have been, first its transportability, and secondly its 
ease of control. Extensions of its field of service will 
usually be found to have followed some elaboration of 
one or other of these two qualities. 

I am not dwelling this evening on the aspect of trans¬ 
portability, I would only recall to you such national 
services as the telephone system, by which electricity, 
carrying our speech, is directed to any corner of the 
land; or our power system, by which electricity generated 
100 miles away is used for boiling the kettle for tea or 
for driving factory machinery. Nor should one over¬ 
look the electricity conveyed to our broadcasting 
aerials, which can awaken instantaneous responses at 
the other end of the world. This country has taken a 
pioneer place amongst the nations in establisl^ing the 
electrical telephone, power, and broadcasting services, on 
sound principles and on a national scale. This mere 
mention will, I am sure, suffice to impress us with the 
aspect of the transportability of electricity. 

, It is rather in the direction of control of electricity— 
of making it do what one wishes—that the free electron 
has given the engineer such new and extraordinary 
powers. 

Electricity as Faraday knew it and as engineers knew 
it up to about the War period, was electricity which 
obeyed simple laws, or did so very nearly. Electricity 
flowed nearly always in metal wires—and we controlled 
it by changing the resistance of such circuits or by 
changing the voltage across them. The engineer did 
not know precisely what the electricity was, but he 
found the current very easy to control in this way, 
It could be switched on or off with a simple motion of 
the hand, or it could be made to decrease or increase 
proportionally to the resistance and the voltage of the 
circuit. 

Great was the thrill to the engineer when he realized 
that the familiar amperes—^the electric fluid as it was 
once called, the " juice ” as it is known by the irreverent 
to-day—^that these amperes actually consisted of 
minute elements of electricity (electrons) of which 
6 290 000 000 000 000 000 per second go to 1 ampere; 
or, in other words, make up sufficient electricity for 
lighting one good street, lamp for 1 second. To him, 
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however, this was but an academic fact. It had no 
special importance because these electrons were all 
confined to metal wires or occasionally to liquid con¬ 
ductors. The electrons were not free. No effective way 
had been put into his hands of making these electrons 
leave the peaceful paths of metallic conductors. 

It was only when it was shown to him what wonderful 
effects could be produced when this stream of electrons 
was made to leave the conductors that the engineer set 
to work to develop and to use every kind of free-electron 
agency and device. This is the tendency in electrical 
engineering which, since it started about 20 years ago, 
has revolutionized many things in life, and, I am con¬ 
vinced, has many more surprises in store. 

The secret of the revolution is that a stream of free 
electrons, whether in a vacuum or a gas, can be manipu¬ 
lated with such facility that the electricity can be in¬ 
creased or decreased at a rate of millions of times per 
second or alternatively as slowly as desired. It can be 
reversed or stopped equally quickly. It can be modulated 
automatically in the most complicated ways, and no 
limit is set to the amount of energy which can be so 
controlled. Finally, whilst the agency which imposes 
this control on the electron stream is usually itself 
electrical, it is possible to make light from an ordinary 
lamp, or magnetism, or heat, the controlling agencies. 

It may be asked, why are these extremely rapid actions 
of the electrons wanted ? What is the practical use of 
them? It is my object now to explain, and in a few 
minutes to demonstrate, if I can, the wonder of them. 
SufBce it to say now that much of what we see and hear 
consists, if analysed, of extremely rapid happenings. 
The eye and the ear are quite unconscious of these high¬ 
speed fluctuations and vibrations, although sensitive to 
them. ^>s,They transmit to the brain only the mass effect 
of them. Just as the pistons of a motor-car engine are 
sensitive to the thousands of explosions per minute 
which make the engine rotate; but you, sitting in the 
car, are only conscious of the running of the engine and 
the fact that the car is moving under your control. 
You do not appreciate the complicated train of events 
which goes to make up each individual explosion in a 
cylinder of the engine. 

So, all unknown to us, the machinery of our eyes and 
ears is responding to, and following in detail, rapid and 
complicated oscillations of which we have no conception 
apart from the investigations of science. 

I shall have to ask you to follow me whilst I describe 
two of these electron-liberator devices. I want you to 
observe that the door which opens the passage and lets 
the stream of electrons out of the metal circuit is nearly 
always an incandescent part of it, heated to such a high 
temperature that electrons emerge freely. That is 
what the filament, or in other words the cathode, in 
a radio valve does. 

I will not burden you with theories of the mechanism 
of this process. I will merely remind you that when 
electricity passes through a hot filament, or other white- 
hot substance, it is lilce water which has hitherto been 
passing through a watertight lead pipe, coming to a 
length of worn-out porous hose. The water will soak 
through it, and if there is a good pressure will squirt out 
in a number of minute jets. As you know, electric 


circuits usually consist of metal wire. So long as these 
are cold the electrons are confined rigidly within the 
wire as they travel along it. If, however, we include in 
the circuit a piece of red-hot wire the electrons will be 
released from the interior of the wire and swarm around 
in a thin layer on the outside surface, ready to be taken 
elsewhere the moment they are attracted away by 
externally applied electrical forces exerted from another 
metal electrode nearby. Just in the same way as the 
molecules of steam from hot water, after experiencing 
some difficulty in getting clear of the water surface (as 
the existence of the latent heat shows), swarm in the 
space above as a saturated vapour unless they are 
allowed to pass away. 

It is at the instant during which the electrons are 
travelling from the hot solid through the short space— 
usually less than 2 inches—to the other electrode that 
the control is exerted which causes them to comply with 
the most exacting demands, flowing and ebbing, 
accelerating or slowing up with unthinkable speed and 
precision. They are controlled by the electrical dictates 
of this electrode as a complicated orchestra is controlled 
by its conductor. 

The device in which this operation is carried out most 
perfectly is the well-known radio valve. It is so perfect 
because the speed at which the electrons can be made to 
manoeuvre is so high. They can be made to change, 
to reverse, or to oscillate, so rapidly that the complete 
stream of electrons will flow back and forth if necessary 
300 000 000 times per second. 

Now I should be grateful if you would bear in mind 
this radio valve and its power of manipulating the free- 
electron stream, whilst we turn for a moment to examine 
a second device for liberating electrons and rendering 
them free of the materials in which they normally con¬ 
gregate. This is the photo-electric cell. The cell looks 
much like an ordinary wireless valve, but it is entirely 
different in its function. For the electrons are liberated 
not from a hot filament, as in the valve we just con¬ 
sidered, but from a specially sensitized cold surface 
which has the property of releasing electrons only when 
light falls on it. The cathode is the sensitive surface, 
and the anode is the collector of the electrons which 
leave the cathode so long as light is falling on it. If you 
put the cell in the dark no electrons leave the cathode 
for the anode. The cell is dead. Let in ever so little 
light, however, and the electrons instantaneously begin 
to leave the sensitive cathode. The number of electrons 
so set free is very closely proportional to the intensity of 
the light. If we double the light we double the number 
of free electrons. 

The number of electrons which flow is extremely small, 
but that does not matter when we have at our command 
amplifying valves of the kind we first considered, which 
will magnify then number and their exact fluctuations 
to almost any extent, and with the highest precision. 

These photo-cells are used to the fullest extent of 
their possibilities in the reproduction of talking films. 
They are also the key to television. In some of the 
latest television devices the photo-cell has to receive 
over 300 000 impulses in every second. That is to say, 
light is turned on to the cell only for 1/300 OOOth of a 
second, yet the cell must respond accurately to it and 
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emit electrons and be ready immediately after to receive 
a new light impulse and emit a new flight of electrons; 
and so on 300 000 times per second. 

I could enumerate many instances where the photo¬ 
cell saves time and money, but I have indicated enough 
to show the future of this free-electron device which 
enables nearly everything to be done automatically 
which man now does by virtue of what he sees. 

Now I have been explaining these two free-electron 
devices—^the radio valve and the photo-cell—because 
they can be made to illustrate the wonderful way in 
which free electrons can be used and controlled in 
modern electrical engineering. The illustration I am 
taking is in connection with the amplification, conversion, 
and reproduction, of sound. 

I said just now that what we hear consists of very 
rapid happenings. The sound of my voice reaching 
your ear, of what does it consist? It is composed of 
very complicated pulses carried by the air between you 
and me. What is such a pulse ? It is a travelling dis¬ 
turbance of the pressure of the air made by the breath | 


picture, broadcasting transmission and reception, trans¬ 
oceanic telephony, and a hundred other uses less im¬ 
portant perhaps at present, but growing in importance 
as our technique develops. 

Whilst we had the telephone and microphone which 
permitted us to make exact electrical copies of sound 
waves which could be sent long distances over wires, 
we had, except for the gramophone record, no means of 
recording and reproducing speech and music till the 
free-electron device in the form of the radio valve and 
the photo-cell supplied the means. 

Look at the train of operations shown in the Figure, 
operations which I want in a moment to show you 
working. We start with a gramophone record A, 
which must take the place this evening of an orchestra 
or of a person talking. This has recorded on it—in 
mechanical impressions on wax—the elaborate pulses 
such as we have just seen of music or speech. With its 
needle and electrical pick-up B we convert these impres¬ 
sions into exactly equivalent electrical impulses. These 
impulses are faithful copies, but very weak, so they 
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as it passes over the vocal organs and issues from one’s 
mouth. The character of the sound you hear depends 
upon the minute variations which take place during the 
pulse. We can show these pressure changes in the same 
sort of way as the barometer chart shows the much 
slower variations of atmospheric pressure. (The lecturer 
here showed two graphs, the fii-st representing the 
simple vowel sound " A,” as in “ father,” and explained 
that the sound one hears consists of the repetition of 
this complicated pulse 100 times per second. The 
second one showed the word “ poor,” occupying about 

second. Graphs were also shown, illustrating the wave 
trains given respectively by the clarinet and the oboe; 
the detailed forms of which give them their distinctive 
sound character.) If we want to reproduce, transmit to 
different places, or magnify, such a train of air pulses 
we must do so by manipulating electrons so that their 
electrical fluctuations accurately reproduce these high¬ 
speed eflects. 

You see, we must make exact electrical copies of 
these sound pulses. When the pulse is powerful, more 
electrons pass; when it quickly diminishes, the number 
of electrons diminish in proportion. The art of doing 
this is the basis of the long-distance telephone, the talldng 
VOL. 75. 


must be amplified in the apparatus C. This contains 
radio valves, in each of which in turn and with incon¬ 
ceivable speed the free electrons are made to copy 
exactly in their own movements the impulses im¬ 
pressed on them. Each successive radio valve multi¬ 
plies the number of electrons actuated by the 
previous one by such a factor that, for each electron 
in the accurately manoeuvring swarm entering the 
amplifier, there will be 10 million electrons in the equally 
accurately manoeuvring swarm emerging from it. The 
impulses of this swarm are then impressed on the lamp 
D, which converts them from electrical impulses into 
exactly equivalent modulations of the beam of light E 
travelling to the right-hand side of the Figure. Here 
the beam of light, still bearing within it these modula¬ 
tions, is collected by the lens and focused on to the 
photo-electric cell F. We saw that when light falls on 
one of these cells, electrons are set free within it exactly 
proportional in number to the intensity of the light. 
So the photo-electric cell F responds accurately to the 
modulations, and converts them again into electric 
impulses. As they are very weak, however, they have 
to be passed again through an electric amplifier G with 
its radio valves, ready to be converted finally into sound 
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waves in the air by the loud-speaker H. This will 
reproduce the sounds you are to hear^ and which originated 
with the gramophone record A. 

This, of course, is very similar to the chain of events 
in every talking film, except that the film with its sound 
record is interposed in a steady beam of light in place 
of E. In the whole train here, including the amplifiers, 
the impulses have been converted and re-converted six 
times, in addition to being passed through nine stages 
of amplification. Perhaps the most dramatic interest 
lies in the link from D to F, the transition from electric 
to light impulses and back to electric. 

, (The lecturer then demonstrated the actual apparatus 
using a beam of light about 25 ft. long between projector 
and photo-cell. He first rapidly varied the light entering 
the cell with a hand torch, which resulted in an un¬ 
pleasant noise from the loud-speaker. He then con¬ 
trolled the light variations in a less crude manner by 
superposing on the current in the lamp the musical 
currents from the pick-up of a gramophone record 
playing Purcell’s “ Trumpet Voluntary.” This experi¬ 
ment exactly reproduced the train of apparatus 
described. The audience heard the music from the 
loud-speaker as long as the light was focused on the cell. 
When the light beam was interrupted by the hand the 
music stopped, or was modulated in volume at will.) 

Is it not very wonderful that we are able to translate 
at will such an enormously rapid and complicated train 
of waves which make up human speech or the music of 
instruments, into electric impulses or light variations, 
or photographic or mechanical impressions, and lose 
nothing as regards faithful reproduction after all these 
metamorphoses ? 

After this it may not be so difficult to realize that free- 
electron apparatus is now being devised in which the 
inertia of the electrons actuallj^ plays an essential part 
in the creating of oscillations which can have a frequency 
of over 3 000 000 000 per second. Such oscillations are 
so rapid that we can begin to treat them as if they were 
radiations from a source of light. For you must remem¬ 
ber that they are of the same nature as light. We can 
put a small aerial a few inches long in the focus of a re¬ 
flector to radiate them—much as we put a lamp in the 
reflector of a motor-car headlight to concentrate and radi¬ 
ate light—and our wireless beam is projected forward like 
that of a headlight. The possible use of wireless beams 
of this frequency is to send speech or signals over short 
distances with simple and compact apparatus. 

We can imagine best what 3 000 000 000 oscillations 
per second means by picturing a train of waves of two 
ups and downs each inch. Three thousand million 
would just about reach round the world at the Equator. 
That is the number of oscillations of the electrons which 
we can reach, if we want to, in our free-electron valve 
every second. 

What uses will be found for these very short-wave 
oscillations is a matter of the futui'e, but probably of the 
very near future. Used for radio purposes they provide 
a new and inexpensive means of communication with 
a relatively inaccessible point at a distance of some few 
miles. It may be across a strait, or on an island, or 
amongst mountains. For this immediately practical 
purpose they have been tried already with success. 


In a more general way, however, the existence of such 
a new tool soon leads to the discovery of uses for it by 
interested investigators. An unexpected use of these 
oscillations, of which more may be heard, is in the 
electromedical field, where a means of producing local 
warmth in the inner parts of the body has long been 
needed for therapeutic purposes. 

May I now interpose a brief parenthesis ? It would 
be wrong for me to leave with 5^11 the impression that 
we understand all about the electron. To-day we 
know we do not understand it so well as we thought 
we did three or four years ago. Nevertheless, we know 
its speeds of travel; we know its weight as a travelling 
missile; we know how many electrons there are in any 
given quantity of electricity, and the exact number 
which goes to form the elemental structure of every 
substance we know of; and we know that it is only 
one hundred millionth of the size of the smallest particle 
whose shape the most powerful microscope will reveal. 
There is, however, one very disturbing enigma about 
the electron: we have difficulty in satisfying ourselves 
as to its form and substance. 

We have been speaking of it as if it were a minute 
particle, which might look like a little sphere of glass 
if it could be magnified sufficiently. It is true that it 
sometimes or often behaves as if it were as solid and 
definite a particle as this. Under other conditions, 
however, its behaviour is such as to make it necessary 
to picture it as if each electron were a minute packet 
or group of undulations or waves, and the puzzle is that 
it appears to be entirely indifferent wliether it has the 
particle or the wave characteristics. At first sight, 
therefore, it looks as if we can say that we know what the 
electron is, but in another sense it seems that we don’t 
know how to comprehend it. 

As, however, thinking humanity comes to realize 
more and more that tilings are not always, or even 
usually, what they seem, apparent contradictions such 
as this should no longer trouble us. So it is with the 
electron. Whenever the electron acts on, or influences, 
anything else at a distance it has to be treated as a wave. 
All action at a distance is by waves. Electrons, like 
light, act at a distance, and therefore they have to be 
regarded as waves. Whenever anything arrives any¬ 
where, however, it behaves as a particle. So when the 
electron, travelling in its wave character, arrives any¬ 
where or collides with something and its position is 
momentarily located, it automatically assumes its 
particle character and behaves like a definite and solid 
object. It is a help when we realize that electrons are 
not alone in this. For instance, light, which we regard 
as travelling waves, behaves like particles when arriving 
at a sui’face. 

Another, perhaps more metaphysical, way of saying 
the same thing is to introduce the modern idea of proba¬ 
bility, So long as any travelling thing has not arrived 
it has only a probability of arriving. All probabilities 
are determined by wave functions—that is a fundamental 
mystery. Once it gets there, however, there is no 
longer any probability about its being there; its presence 
is a fact, and facts behave like particles. 

So you see there is no real inconsistency about the 
dual aspect of our electron. You decide which aspect 
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to use by the formulation of your question. Broadly, 
if we ask what ma}^ happen, we must think in terms of 
waves. If we ask what has happened, we must look 
upon the electron as a particle. 

“What?” you say. “If a,n electron is a particle 
only before it starts and after it arrives, and a wave 
whilst in flight, why does not the same principle apj)ly 
to a golf ball?” How do you know it doesn’t? 
“ Well,” 3 mu say, “ if it hits me on the head I can feel 
it is not a wave! ” Ah, no! It has then arrived some¬ 
where and it is a particle. 

The new theories of wave mechanics show that the 
uncertainty of state and position increase with the 
smallness of the entity and the speed of its travel. An 
entity of the extreme smallness and great speed of the 
electron is a limiting case, and the two states—particle 
and wave—are extremely well marked. The golf ball, 
millions of millions of times larger and infinite^ slower 
in motion, has very little difference left between its 
stationary and moving condition. Nevertheless, we 
cannot admit that even the golf ball is exactly the same 
in flight as at rest. The mathematical physicist requires 
that there must still be an element of uncertainty as to 
its whereabouts and its character when it is in flight. 

I want to speak now of an entirely different l:)ranch 
of electrical engineering, which is utilizing the free 
electron in astounding ways in its late.st achievements. 
Until a few years ago the electric lighting engineer had 
as his instrument of lighting little but the electric 
filament lamp. His procedure in getting light from tliis 
is to make the electrons travel along a fine wire inside 
the electric bulb and to crowd the electrons together so 
much that they make the wii'e white hot—so hot that 
it gives out light. Whenever electrons escape from the 
wire in this kind of latn.p they tend to harm the lamp, 
and every effort is made in this case to keep them inside 
the filament. This is the lamp which we still use to-day 
and shall continue to use for a long while yet. 

Recent advances in technique, however, have shown 
that brilliant lighting effects are to be obtained by 
releasing the electrons from the hot electrode, and allow¬ 
ing them to do what they like vdth the gases and vapours 
which we put in the bulb and across which they shoot 
with enormous velocities. All these effects are the result 
of emotional encounters between electrons and gas atoms 
under the specially prepared conditions of our glass 
bulbs and tubes. Encounters like these, which take 
place when the electrons are travelling at speeds up to 
6 million miles per hour, must not surprise us if they 
yield bright effects, 

I am not suggesting that this manifestation is new. 
It was observed by physicists over 200 years ago, and 
has sometimes been utilized. With the understanding 
which physics has given the engineer of the way that 
electrons can extract light from gases and vapours, 
however, lamps have been devised which yield several 
times more light for the electricity consumed than 
filament lamps can hope to give. So the free electron 
opens up a new vista also in the field of electric lighting. 

In order to obtain these high efficiencies we have to 
learn firstly how to open the door to let electrons out 
in the most effective \vay, and secondly how to make 
them play in the most efficient manner on the gases in 


the bulb, because it is these which yield the light. I will 
now trace the more recent stages in this development of 
electric discharge lighting. 

The post-war period has exhibited a wonderful growth 
of colour at night in the main streets of all our large 
cities. If the effects are not always beautiful they are 
at least cheerful. (The lecturer then showed four lighted 
tubes of varying colours and described, how they are 
produced by applying high voltages to them—voltages 
too high to be safe without essential precautions.) No 
other way was thought of for coaxing the electrons out 
of the two metal electrodes in the tube buf that of 
sucking them out, as it were, by the brute force of high 
voltages. Even then the stream of electrons between 
the electrodes is not copious, but it suffices for display 
signs and advertising designs, for which an unduly high 
brilliancy at night would be a disadvantage. They 
yield about 1 candle per square inch for a neon tube. 

When these electrodes were made in the form of red- 
hot material, however, striking results followed. Hot 
material constitutes such a wide- 02 :)en door for the 
electrons that the flow is copious and it takes place at 
low voltages. The brightness of the column of light 
is also greatly enhanced, rising to nearer 10 candles per 
square inch. (Three more tubes w^ere shown of similar 
colours to the last but of greater brightness; and a slide 
to scale showed a cold and a hot cathode tube of equal 
candle-power, the hot tube being only about -^hnd of 
the length of the cold tube.) Units made with such 
lamps are of commercial value, although their use is 
jmobably limited to colour floodlighting and the like, 
where no alternative for obtaining coloured light is found 
to be so economical. 

Some here may be asking whether colour floodlighting 
is only another device for making night hideous. That 
depends on the colours and on the objects illuminated. 
To illuminate grass with green light and red brick 
buildings with red light is to bring out their natural 
colours at night in a way which is not possible with 
white light. 

Experiments with such tubes led to important further 
advances. It was realized that if conditions could be 
found for passing electrons through certain vapours, 
such, for instance, as sodium, enormous yields of light 
ought to be possible. This favourable result is obtained 
because so much of the energy of the electricity is sent 
out by sodium vapour in radiation which stimulates our 
vision instead of being emitted as heat, as is usually the 
case with artificial light sources. This shows how it is 
that vapours and gases can be more efficient light-givers 
than hot filaments. (A cover was here removed, showing 
a lighted sodium lamp, and the lecturer continued.) 

The sodium vapour has to be very hot, however, and 
at these high temperatures it is corrosive. So research 
on special glasses has been necessary in order to find one 
which would resist the action of the vapour. This 
has now been achieved and lamps such as this are the 
result, which show initially an efficiency of 3 or 4 times 
that of our present filament lamps. The light from the 
sodium lamp is of such a pure yellow that at present we 
can think only of its use for the lighting of arterial speed 
roads, where sesthetic considerations can be ignored. 
All objects appear as a monotone in yellow-brown. 
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The study of the sodium lamp has led to further 
advances, and has indicated the possibility of still 
better things. If we only put sodium atoms in the 
path of the electrons for them to play with we can only 
hope to obtain light which is characteristic of sodium. 
There are other gases and vapours, however, each of 
which will emit its own characteristic hue when acted 
upon by the electron stream. Some are intrinsically 
efficient but have a bad colour. Others have a good 
colour but give little light for the electricity they con¬ 
sume. Some promising ones are left, and some mixtures, 
but only a few, are possible. Each gas or vapour requires 
its own conditions for use, and these have to be ascertained 
by research, and by developing materials appropriate 
to each. 

In one of the latest discharge tubes, which uses mer¬ 
cury vapour as one of the gases for electrons to act upon, 
the filament transformers and the starting coil are 
eliminated altogether, and the lamp is reduced to very 
simple proportions. (The mercury high-pressure lamp 
was uncovered here.) This lamp gives well over twice 
the light of our existing filament lamps for the same 
electricity consumed. The watts are 400, so that for 400 
watts we get as much light as with the present 1 000-watt 
lamps. The colour—although deficient in red and there¬ 
fore not yet like enough to daylight—is sufficiently good 
for use in many outdoor situations. These lamps are 
beginning to be adopted in considerable numbers for 
lighting our streets. 


I have shown you these lamps not because they 
represent finality: I am quite sure that they have not 
reached their final forms: but I wanted you to see how 
the physicist and the engineer working together are 
learning the ways of the free electron in this new sphere 
of making light, and are giving us new lamps wherewith 
to lighten our hours of darkness. 

Michael Faraday, to the honour of whose memory this 
annual lecture is delivered, was one who loved his 
research because of the marvels it revealed; and he 
loved most of all to demonstrate these marvels to others. 
He was the founder of electrical engineering, and I like 
to think that we electrical engineers who follow him, 
and who benefit by his genius, may have caught and 
retained something of his vision, of his modesty in the 
presence of the marvels which we handle in our daily 
work. (A portrait of Michael Faraday was thrown on the 
screen as the final tribute was being paid to him.) 

I feel I shall have succeeded in my lecture this evening 
if I have, even in a small measure, stimulated anew a 
sense of wonderment, if not of reverence, in the face 
of this sub-atomic world of complicated electrical 
activity: a world far below the power of the microscope 
to see, but which, as we understand it better, can be 
made to aid our civilization still further and give men 
and women of our own and future generations a fuller life. 

How Faraday himself would have loved to have given 
the Faraday Lecture to-day! What a lecture it would 
have been I 
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Summary. 

This paper deals with various errors that may arise when 
a moving-coil instrument is used in conjunction with a copper- 
oxide rectifier to measure alternating currents and voltages. 

The effects of circuit impedance upon the reading of a 
rectifier ammeter and of the amount of series resistance upon 
the reading of a rectifier voltmeter are investigated. It is 
also shown that the effective resistance of a rectifier as cal¬ 
culated from tests with different series resistances varies con¬ 
siderably, owing to the distortion of the current wave even 
when the voltage is sinusoidal. 

The use of rectifier instruments having linear characteristics 
to measure very bad wave-forms, such as telephonic currents, 
is dealt with; and it is shown that such instruments, cali¬ 
brated with a sine wave, read the effective value within about 
10 per cent for any shape of wave, however much it may 
be distorted. 

Finally, the difficulties encountered in the application of 
rectifier instruments to current transformers are examined 
and methods of reducing those difficulties are suggested. 


(1) Introduction. 

For the measurement of small alternating currents 
and voltages the copper-oxide rectifier used in conjunc¬ 
tion with a moving-coil instrument possesses far greater 
sensitivity than any other arrangement. As this 
combination is likely to become even more exten¬ 
sively used in the future, it is desirable to investigate 
the errors that may arise and to suggest methods for 
their reduction. In view of the work already done by 
Hartshorn,* Sahagen.f and others, on the effects of 
frequency and of temperature variation, this paper is 
confined to an investigation of the following factors. 

(1) Effect of impedance in series with the rectifier 
when the latter is carrying the whole current. (2) 
Equivalent resistance of the rectifier. (3) Effect of 
series resistance in rectifiers used with voltmeters. 
(4) Effect of wave-form with a rectifier instrument having 
a linear characteristic. (5) Rectifier instrument used 
in conjunction with a current transformer. 

The majority of the tests described were carried out 
on 10-mA and 1-mA instrument-type rectifiers kindly 
loaned by the Westinghouse Brake and Saxby Signal 
Co. Several units of each type were tested, but in most 
cases the results for any one type agreed fairly closely 
with one another. A number of tests were also made 
on 6-mA rectifiers, but as the results were very similar 
to those obtained on the lO-m.A. units they have been 
omitted from this paper. 

(2) Effect of Circuit Impedance. 

A rectifier was connected in series with a vacuo- 
j unction J and a non-inductive resistance R across a 

* Proceedings of the Physical Society, 1930, vol. 42, p. 521. 
t Proceedings of the Institute of Radio Engineers, 1931, vol. 19, p. 233. 


low resistance r, as shown in Fig. I. A large air-core 
choke X was connected in series with r so as to ensure 
the current wave being as sinusoidal as possible. 
The resistance of the vacuo-junction was 12-3 ohms 
and that of the milliammeter was 6 ohms. The wave¬ 
form of the alternator voltage was almost sinusoidal, 
and the current through the rectifier was only a very 


Fig. 1. 

small fraction of that through r, so that there could 
be practically no distortion of the potential difference 
across the latter. For a given value of R, a range of 
readings on A and G were taken by varying r. If the 
rectifier and milliammeter A had been calibrated with 
a sine wave of current to read the effective value, the 
scale reading thus obtained would have been 1-11 times 



Fig. 2.—10-mA rectifiers. 

— Experimental results, 

O Values calculated from d.c. resistance. 

X Values calculated from expressions (2) and (3). 

A. 17-3 ohms in series. 

B. 57-3 ohms in series, 

C. C17-3 ohms in series. 

the actual rectified current. The combination J and G 
had been calibrated by being connected in series with 
the milliammeter A across a d.c. supply. 

In comparing the behaviour of the rectifier instrument 
under different conditions, it was found best to plot as 
ordinate the ratio of the true effective current, as read 
on the thermal instrument, to the effective value indi¬ 
cated on the rectifier instrument when calibrated with 
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a sinusoidal cun'ent. This ratio may also be expressed 
as (True effective value of current)/{l • 11 x mean value 
of current), or as the form factor of the current through 
the rectifier divided by 1-11. 

The full-line curves in Fig. 2 show the mean of the 
results obtained on two 10-mA instrument rectifiers, 
the values for the two rectifiers being practically iden- 



Fig. 3.—1-mA rectifiers. 

— Experimental results. 

O Calculated from d.c. resistance. 

X Calculated from expressions (2) and (3). 

A. 17-3 ohms in series. 

B. 37-3 ohms in series. 

C. 017-3 ohms in series. 

* 

tical. Corresponding curves showing the mean results 
obtained on the 1-mA rectifiers are reproduced in-Fig. 3. 
It will be seen that for a given reading on the rectifier 
milliammeter there is a considerable variation in the 
true effective value of the current for different values 
of the circuit resistance. This error is due to distortion 
of the current wave caused by the variation in the 



Direct current, milliamperes 
Fig. 4. 


varied between about 20 000 and 80 000 ohms, while 
the corresponding values for the 1-mA rectifiers were 
0-3 to 0-6 megohm. Consequently the "reverse” 
current under these conditions is negligible compared 
with the " forward ” current. Curves deduced in this 
way for the 10-mA rectifier are shown in Fig. 5; thus 
curve A gives the current wave-form when there is a 
resistance of 17-3 ohms in series. Its mean value is 
3-62 niA, while the effective value is 4-87 mA. If the 
rectifier instrument had been calibrated with sinusoidal 
current, the scale reading would have been 4-02 mA 
(effective); hence the true effective value of the current 
would be 21*1 per cent higher than the indicated value. 
For curves B and C the corresponding errors are 14-4 
and 2-3 per cent respectively. The results obtained 
from graphs similar to those of Fig, 6 are indicated by 
circles in Figs. 2 and 3, and are in close agreement with 
the experimental results. 

The graphical method just described is very laborious, 



A. 17'3 ohms in series. 

B. 57-3 ohms in series. 

C. C17-3 ohms in series. 

and it was felt that it would be more satisfactory if 
a comparatively simple mathematical expression could 
be evolved to give the desired result. Unfortunately, 
no such formula could be discovered. On plotting the 
resistance of the rectifier against the current on logarith¬ 
mic scales, it was found that over a very wide range 
of current the resistance of the 10-, 6 -, and 1-mA recti¬ 
fiers varied approximately as (Current)-O' 8 . Hence, if 
a resistance if be connected in series, and be the 
maximum value of the applied sinusoidal voltage, the 
instantaneous value of the current is given by 

_ Em sin 9 

+ ki-o-a 


X 10-mA rectifier No. 1. 

O 10-mA rectifier No, 2, 

rectifier resistance. From data obtained with direct 
current (Fig. 4), it is possible to construct the wave¬ 
forms of current due to sinusoidal voltages for different 
series resistances, and from these curves to calculate 
the mean and the effective values of the current. In 
the 10-mA rectifier under consideration, the resistance 
in the " reverse '■ direction for the same range of voltage 


where h is a constant for a given rectifier. The only 
method of deriving the relationship between the mean 
and the effective values of this current wave appears 
to be to plot curves similar to those of Fig. 5 and then 
to calculate the mean and the effective values. This 
method is just as laborious as the one detailed above 
and is less satisfactory owing to the index of T being 
an approximation only. 

Another alternative is to assume the relationship 
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between the direct current through the rectifier and the 
d.c. voltage across it to be of the form 

V — a bi .(1) 


A test similar to that described in connection with 
Fig. 1 was made on an unshnnted 100-mA rectifier 
instrument supplied by well-known manufacturers, dhe 
instrument had been calibrated to read the effective 


In Fig. 4, the crosses and circles represent the potential 
differences for various currents through the two 10-mA 
rectifiers, and the curve represents the mean potential 
difference. The dotted line, on the other hand, has 
been drawn to represent Equation (1): obviously some 
latitude is permissible in the position of such a line. 

If E be the resistance in series with the rectifier across 
a sinusoidal voltage, the instantaneous value of the 
current is given by 

Vm sin 6 c 

^ = 22 5 

It can be shown that the average value of such a 
current wave is 

I _ -?- (vm COS a — g('^ — o)]} . (2) 

“ 7t{B -f &)\ \2 /j ^ ^ 

where sin a = c/F^: and the effective value is:-— 


c 
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cu 
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Fig, 7.—1-niA rectifiers. 


A. No resistnnce in series. 

B. 2 000 ohms in series. 

C. 10 000 ohms in series. 


1 


E + b/ 


F" 

* m 


(tt — 2 a -1- sin 2a) — 2c F,^ cos a c- 


77 


a 



Values of (Form factor)/!-11, calculated from these 
expressions for the lO-niA and the 1-mA rectifiers with 
various series resistances, are represented by crosses in 
Figs. 2 and 3. It is seen, however, that these points 



Fig. 6. 

X 700 ohms in series. 
O 55 ohms in series, 
o 15 ohms in series. 

5 ohms in series. 


may differ quite considerably from the experimental 
values, especially for small currents; consequently this 
method cannot be recommended except for giving quickly 
a rough estimate of the above ratio. 


value of the current. The results for certain series 
resistances are plotted in Fig. 6, It would appear from 
these curves that the instrument had been calibrated 
off a constant-voltage a.c. supply with a variable resis¬ 
tance in series; thus the resi.stance appears to have been 
about 30 ohms at 100 mA, 55 ohms at 60 inA, etc. 
It will be seen that if the instrument has been calibrated 
with a sinusoidal current, there will be considerable 
error if it is used in a circuit having a low resistance. 



A. No resistance in series. 
,B. 3 OUO ohms in series. 

C. 10 000 ohms in series. 


In view of the possibility of using a microammeter 
with a rectifier unit, it was felt desirable to investigate 
the error that may then occur owing to the variation 
of the rectifier resistance. Unfortunately, no combina¬ 
tion of thermo-j unction and galvanometer was available 
for measuring the effective value of such small currents. 
In view, however, of the good agreement on the milli- 
ampere range between the experimental values and those 
calculated from graphs based upon d.c. tests, it seemed 
permissible to employ the same method on the micro¬ 
ampere range, especially for the 1-mA rectifiers, since 
the “ reverse " resistance of these units is many times 
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greater than the “ forward ” resistance, even with 1 /xA. 
The results derived in this manner are given in Figs. 7 
and 8 , the values in each case being the mean of those 
for two similar units. A comparison of the two figures 
shows that, for a given external resistance, the error 
due to the variation of the rectifier resistance for the 
10 -mA unit is practically half that for the 1 -mA unit, 
on account of the lower resistance of the former. The 
ratio of rectification is admittedly higher for the 1-mA 



Fig. 9.—10-mA rectifier No. 1, 
o J? = 17*3 ohms. 

A Ji = 102'3 ohms, 

^ 1 , = 97 ohms; R = 17‘6 ohms. 

X Xc = 97-6 ohms; R = 17-3 ohms. 

unit, but tests made with a very high resistance in series 
with the rectifier showed this advantage to be appre¬ 
ciable only for currents below about 10 fxA. 

In the above discussion, non-inductive resistances 
only are considered. It was felt desirable to compare 
the effect of inductance and of capacitance with that 
of resistance. Fig, 9 shows the results obtained on a 
10-mA rectifiei with various types of impedances of 
about 100 ohms. It was anticipated that capacitive 
reactance would accentuate the error and that inductive 
leactance would reduce it. This is confirmed by Fig. 9 . 
It was not found possible, however, to derive a mathe¬ 
matical expression that would take all the various factors 
into account with any degree of accuracy. 

(3) Equivalent Resistance of a Rectifier. 

It is occasionally necessary (see page 460) to know 
the equivalent resistance of a rectifier; and this section 



is devoted to a comparison of the values determined 
experimentally by different methods. One of the 10-mA 
rectifier units and a vacuo-j unction J were connected 
as shown in Fig, 10. The alternating current through 
the air-choke X was large compared with the currents 
taken by the instruments, so that the potential difference 
across R remained sinusoidal throughout the test. With 


Rg = 0, R was adjusted to give a certain reading, say 
3 niA, on A, and R^ was adjusted to give a convenient 
reading on G. R was then varied so as to quadruple 
the reading on G, i.e. to double the effective value of 
the applied voltage, and Rg was adjusted to bring the 
reading on A back to the original value of 3 mA. The 
voltage was increased to 4 times the original value and 
the value of Rg again noted. This series of readings 
was repeated for different currents through A. 

Let r be the effective resistance of the rectifier unit 
(including the 6 ohms of the moving-coil instrument), 
and let and be the respective values of Rg for effective 
voltages of 2 and 4 times the original value. 

Then 

{r 4 - rj)/r = 2; r = .( 4 ) 

and {r -f r^)lr = 4; r = .(5) 

Or, alternatively, 

{r 4 - rj)/{r + r^) = 4 ; r = - 2r^ . ( 6 ) 



Fig. 11. 

X From Equation (4). 

O From Equation (5). 

o From Equation (6). 

A From test with direct current. 

^ Fig. 11 shows the results given by the above expres¬ 
sions for the 10-mA rectifier. It also shows the resis¬ 
tance values calculated from tests with direct current, 
readings being taken with the battery connected first 
one way and then reversed. It will be seen that, owing 
to the distortion of the current wave when there is little 
or no resistance in series with the rectifier, the effective 
resistance calculated from such readings may be con¬ 
siderably smaller than that deduced from results ob¬ 
tained with an almost undistorted wave; and, further, 
that the latter values do not differ greatly from those 
derived from d.c. tests. 






HUGHES: COPPER-OXIDE RECTIFIERS IN AMMETERS AND VOLTMETERS. 457 


(4) Effect of Series Resistance in Rectifiers 
Used with Voltmeters. 

The effect of different series resistances upon the 
relationship between the rectified current and the applied 
voltage was investigated by connecting the rectifier in 
series with a variable resistance Rg, as shown in Fig. 10. 
The combination of R^ and the vacuo-junction J was 
used as a r.m.s. voltmeter. Sets of readings of the 
rectified current and of the potential difference across R 
were taken for given values of Rg. 

In general, the relationship between the rectified 
current and the applied voltage may be written in the 
form I = kV^. By plotting graphs of log! against 


of 2 over a large range, it follows that the instrument 
should be almost independent of wave-form. This was 
confirmed by tests made with voltages of various wave¬ 
forms, and a case where advantage is taken of this 
characteristic is given on page 462. 

(5) Effect of Wave-Form With a Rectifier 
Instrument Having a Linear Characteristic. 
When the rectifiers referred to in the previous sections 
are working on the milliampere range with considerable 
resistance in series, it will be seen from the Table that 
the instrument reading is almost proportional to the 
mean value of the applied voltage. When used as an 


Table.* 


Type of 
rectifier 

Range of rectified 
ciuxent 

Rz 

X 

Range of rectified 
current 

Rt 

X 



mA 


ohms 


nA 

ohms 




0-06 

— 

0-5 

0 

4-7 

2 - 100 

0 

4*6 



0-5 

— 

1-5 

0 

3-1 

2-30 

6 600 

2-4 



0-05 

— 

0-6 

60 

4-1 

30 - 100 

6 600 

1*6 



0-5 

-- 

1-6 

60 

2-7 

2-10 

60 000 

1-6 



0-15 

— 

0*5 

600 

2-3 

10 - 100 

^0 000 

1-1 

l*niA ^ 


0-5 

— 

1-6 

600 

1-66 






OH 

— 

0-7 

2 000 

1-47 






0-7 

— 

1-5 

2 000 

1-2 






0-1 

— 

0-7 

7 000 

1-2 





« 

0-7 

— 

1-5 

7 000 

1-01 






0-1 

_ 

1-6 

0 

4-16 

3-20 

0 

2-8 



1-5 

__ 

6-5 

0 

3-0 

20 - 100 

0 

3-5 



6*5 


13 

0 

2-0 

3-40 

6 600 

1-8 



0-1 

-- 

1-5 

60 

3*25 

40 - 100 

6 600 

1-3 

lO-niA ■ 


1*5 

— 

4 

60 

2-2 

2—40 

60 000 

1-4 



4 

-- 

14 

60 

1*6 

40 - 100 

60 000 

1-1 



0-2 

— 

2 

600 

1-35 






2 

— 

12 

600 

1-12 






0-3 

— 

6 

2 000 

1'08 





* Resistance of roilliammeter == 6 ohms, and of microammeter = 34-4 ohms. 


log F, it was found that the relationship was linear over 
considerable ranges. The latter, together with the cor¬ 
responding values of x, are given in the Table. 

The indices given in the Table are almost identical 
with those obtained from the voltages and the mean 
currents of curves similar to those of Fig. 5; hence the 
departure of the exx^onent from unity must be due to 
the distortion of the current wave caused by the varia¬ 
tion of the rectifier resistance. For very low series 
resistances, it is seen that the exponent may approach 
or even exceed 4; consequently, if such a rectifier circuit 
be connected across a shunt, the scalef is extremely 
cramped at the lower end—an undesirable feature, apart 
from any question of temperature error. 

If the exponent of the voltage remains in the vicinity 

t For curves showing^ the effect of shunts of various resistances see E. H. W. 
Banner: Electrical Review, 1929, vol. 104, p. 823. 


ammeter over the same range of rectified current, the 
“ reverse ” current is negligible compared with the 
“ forward ” current; consequently the reading is pro¬ 
portional to the mean current. One condition, how¬ 
ever, must be satisfied for both the ammeter and the 
voltmeter, namely that the wave must not pass through 
zero more than twice per cycle. When such instruments 
are calibrated to read the effective value of a sine wave, 
they are not likely to be accurate for any other wave¬ 
form. 

Suppose the current to be represented by 

i = I-l sin B + In sin (nB — a) 

where Jj = amplitude of the fundamental; = am¬ 
plitude of the nth harmonic; and a = lag of the har¬ 
monic behind the fundamental in terms of the angular 
scale of the harmonic. 
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It can be shown that the average value of the current 
over half a cycle is 

== -f when n is odd, 


and 


n 


-I. when n is even. 


TT 


It is therefore obvious that the true mean ammeter 
and voltmeter neglect all even harmonics. For moving- 
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Fig. 12. 


A, 

C. 


Srd harmonic, 
nth harmonic. 


B. 5th harmonic. 
D. 23rd harmonic. 



coil instruments used with such rectifiers as the copper- 
oxide type, this is not true if the wave passes through 
zero more than twice per cycle. 


With odd harmonics, the average value must lie 
between the limits ( 2 / 77 ) (Ij ± /«/«'), and in the following- 
discussion only these limits will be considered. Hence, 

Reading on mean ammeter with harmonic present 
Reading on mean ammeter with fundamental only 

== 1 ± 


But 

Effective value of current with harmonic present 
Effective value of current with fundamental only 


1 -b 





I. 


Since the instrument is assumed to be calibrated to 
read the effective value of sinusoidal waves, 

Effective value indicated by mean ammeter 
True effective value of current 


_ 1 ± (UMi) 

v[i + 


(’) 


Values calculated from this expression for different 
frequencies and amplitudes have been plotted in Fig. 12, 
the full lines being for the positive sign and the dotted 
lines for the negative sign. 

If a moving-coil instrument be used in conjunction 
with a synchronous commutator, the reading is given 
by Equation (7) however large the amplitude of the 
harmonic; but where a unidirectional rectifier such as 
the copper-oxide type is used this expression only applies 
to wave-forms which do not cut the axis more than twice 
per cycle. There are circumstances, such as those referred 
to in Section (6), where the amplitude of the harmonic may 
be so large that the wave does cut the axis at-more than 
two points per cycle. Fig. 13 gives the resultant curve of 
a fundamental and a third harmonic having twice the 
amplitude of the former. If a, 6, and c be the respective 
areas indicated in Fig. 13, the average ordinate over 
half a cycle is (a -j- c — 6)/7r. If such a wave of current 
be passed through a moving-coil instrument used in 
conjunction with a full-wave copper-oxide rectifier, how¬ 
ever, the average torque is proportional to {a c -j- &)/7 t^ 
Hence 


Mean value indicated on instrument a c -\- b 


True mean value 


a -- c 


1 + 


2b 


a 4 - c — 6 


1 -b 


2 X Negative areas over -l-cycle 
Algebraic sum of areas over |-cycle 


for the general case of any odd harmonic. 

Since the instrument is assumed to be calibrated in terms of the effective values of sinusoidal waves. 


Effective value indicated by rectifier instrument 
True effective value 

Mean value indicated by instrument 


True mean value 


1 -b 


2 X Negative areas over -l-cycle \ ^ 
Algebraic sum of areas over -|-cycle/ 


X 


Effective value indicated by true mean ammeter 


True effective value 


1 dr 


( 8 > 
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By dra,wing curves of fundamentals and of various 
harmonics of different amplitude and frequency, the 
required negative areas were measured with a plani- 
ineter; and the ratios calculated from Equation (8) are 
given in Fig. 14, the left-hand set of curves being for 
the positive sign. The corresponding values were also 
determined for the 7th and 17th harmonics, and wei'e 
found to be within about 1 per cent of those for the 


respectively of a current transformer, then, for sinusoidal 
waves, 

27rJMI^ = T (2^/^2)"] 

where M is the mutual inductance, and B are the 
self-inductance and resistance respectively of the secon¬ 
dary circuit, and / is the frequency. If 2\ and be 
the number of primary and secondary turns respectively, 



Fig. 14. 


A. 3rd harmonic. 


B. 5th harmonic. C. 11th and 2Srd harmonics. 


11th and 23rd harmonics. A comparison of Figs. 12 
and 14 shows that when the current wave cuts the axis 
more than twice per cycle, the reading given by an 
instrument used with a rectifier of the copper-oxide type 
is generally much nearer the true effective value than 
that given by an instrument dependent upon the true 
mean value of the current. In fact, except for a certain 
range and phase of the 3rd harmonic, the rectifier in¬ 
strument reads the effective value within 10 per cent 
for any shape of wave. This behaviour might be found 
useful in dealing with telephonic currents. 

(6) Rectifier Instrument in Conjunction with 
A Current Transformer. 

The disadvantage of using a shunted rectifier has 
already been refenud to in Section (4). An alternative 
method of increasing the range of a rectifier ammeter 
or of enabling it to be used on a high-voltage circuit 
is to introduce a current transformer. Obviously there 
is no advantage in substituting a copper-oxide rectifier 
and a d.c. milliammeter for the usual a.c* ammeter 
unless there is a gain in sensitivity or in accuracy. 
Actually, the sensitivity is far greater than that of the 
usual arrangement, but larger errors are liable to be 
present. 

If 4 and Ig be the primary and secondary currents 


and if the leakage flux be negligibly small (as in the 
case of a toroid having an iron core), then 



Since the resistance of the rectifier varies with the cur¬ 
rent, it follows from Equation (9) that the ratio can 
be rendered independent of the current only by one or 
other of the following methods. 

(a) If the reactance be made very large compared with 
the resistance, then /jHg “ T^jT^. For frequencies of 
the order of 60, the reactance of the secondary of an 
ordinary commercial transformer is far too small. A 
secondary having a comparatively large inductance was 
made by winding a ring of 30 mumetal stampings, each 
7-A-in. X 6Erin. X 0-015 in., with 670 turns of No. 30 
S.W.G, copper wire, the primary being a single turn. 
A lO-mA rectifier was connected directly across the 
secondary, and the results plotted in Fig. 15 were ob¬ 
tained at 60 cycles per sec. with the following loads:— 
(a) air-choke, (6) a 1-kVA llO-V transformer with its 
secondary on open circuit, (c) 96 /xF, and {d) 22 /xF. 
Oscillograms of representative currents taken by the 
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transformer and the two capacitance loads are given 
in Fig. 16. The effect of varying the frequency between 
30 and 60 cycles per sec., with sinusoidal primary cur¬ 
rents, is shown in Fig. 17. 

For a sinusoidal current of 8 A at 60 cycles per sec., 
it was estimated that the maximum flux density in the 
mumetal was about 450 lines per cm^; and, from separate 
tests on the mumetal stampings, the permeability for 


t/3 

S 8 


A V 



Primary current, amperes 
Fig. 16. 

X Air-core choke. 

G Closed-iron-core choke. 

A 90 aF. 
o 22 /iF. 

flux densities up to this value was found to be roughly 
7 000 ; the corresponding value of ^irfL^ being 343 ohms. 
The values of the ratio at 30 cycles per sec.)/(Ii at 60 
cycles per sec.) for given rectified currents were calculated 
by means of Equation (9) on the basis of this reactance 
and of the equivalent resistances given in Fig. 11; the 
values thus obtained were in close agreement with 
those derived from Fig. .17 over the range 1 to 10 mA; 
for example, for 4 mA the calculated ratio was 1 • 153, 
whereas the experimental ratio was 1*161. 

The temperature coefficient of resistance of the copper- 



(a) 7-7 A. 


(B) ' ' ( 

Fig. 16. 

(b) 96 4 A. (c) 22 jixF, 1-7 A. 


oxide rectifier in the “forward” direction is about 1 
to 1*2 per cent per deg. C., and its influence upon the 
rectified current was checked both by Equation (9) and 
also experimentally by inserting different resistances in 
series with the secondary circuit. These two sets of 
results were also in close agreement and indicated that 
the normal temperature variation of a room would not 
introduce an appreciable error. For instance, for a given 
primary current and a rectified current of about 4 mA, 


8 per cent increase of the rectifier resistance reduced 
the ammeter reading by nearly 2 per cent; and the larger 
the current the smaller was the error. 

These experiments suffice to prove that when the 
rectifier is used under these conditions the effects of 
frequency and of secondary impedance can be estimated 
with considerable accuracy, and that the ratio ca-n 
be rendered practically independent of frequency and 
temperature variations by maldng sufficiently large. 

(6) If R be made large compared with ^rrfL^, e.g. if 
a comparatively large resistance be inserted in series 
with the rectifier and the secondary be wound with 
relatively few turns, then Equation (9) becomes 

-^1 ^2 -R 

I 2 T, 27rfL^ 

The effect of the variation in the permeability of the 



0 2 4 6 ,8 10 

Primary current, amperes 


Fig. 17. 

X 30 cycles per sec. 

O 60 cycles per sec. 

Load: air-core choke. 

iron ring may be practically eliminated by introducing 
a short gap into the magnetic circuit. Consequently, 
for a given frequency and assuming sinusoidal primary 
currents, the ratio IJI 2 , is practically constant. Unfor¬ 
tunately, the presence of small high-frequency ripples 
in the primary current introduces unexpectedly large 
errors. The transformer is now operating almost as if 
it were on open circuit, and the combination of rectifier, 
high resistance, and milliammeter, is acting as a volt¬ 
meter. Fig. 18 shows the results obtained with a cur¬ 
rent transformer consisting of a temporary primary 
winding of 12 turns around a choke coil having a short 
air-gap in its magnetic circuit, the original coil being 
used as the secondary. The loads were similar to those 
referred to in connection with Fig. 15, and the secondary 
voltage was measured with a milliammeter and a 10-mA 
rectifier having 1 000 ohms in series and calibrated on 
a sinusoidal voltage. The primary current was measured 
with a hot-wire ammeter. 

Modem turbo-alternators are designed with their 
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voltage wave as sinusoidal as possible; but even the 
imperceptible high-frequency tooth ripples* inevitably 
present may give rise to comparatively large harmonics 
in the current taken by a lightly-loaded cable or other 
capacitive load. Further, the wave-form of the current 
taken by a motor is dependent upon the difference 
between the wave-forms of the applied voltage and of 
the back e.m.f., and since the latter is seldom sinusoidal, 
especially in synchronous motors, the current wave may 
be expected to have appreciable harmonicst present. 
It is therefore of practical interest to consider the effect 



A. Air-core choke. 

B. Closed-iron-core choke. 

C. 90 /J.F. 

D. 29 ixF. 

of harmonics upon the reading given by a rectifier volt¬ 
meter connected across the secondary of a current 
transformer. 

Suppose the primary current to be represented by 

i = sin 6 + In sin {nO — a) 

If the reluctance of the magnetic circuit of the current 
transformer be assumed constant, then the e.m.f. in¬ 
duced in the secondary is represented by 

6 = h{lj^ sin {6 — 90°) -j- nin sin {n6 — a — 90°)} . (10) 

where Ic is a constant for a given transformerand 
the mean value of this voltage lies between the limits 
(27c/7r) (Ii ± In)> as explained in Section (5). As before, 
only these limiting values will be dealt with below. 
Also, for simplicity, the series resistance will be assumed 
large compared with that of the rectifier, so that the 


Effective current indicated on rectifier instrument 
Effective value of primary current 

2 X Negative areas of 


1 + 


Algebraic sum 


relationship between the voltage and the rectified cur¬ 
rent may be taken as linear. 

Since the voltmeter will have been calibrated to read 
the effective value of sine waves, for waves which do 
not cut the axis more than twice per cycle we have 

Actual reading on voltmeter _ ^ 

Reading with fundamental only 


It will be evident from Equation (10) that if the primary 
current contains a comparatively small harmonic of a 
high order, it will appear as a very large harmonic in 



A. 8rd bannonio. 

B. 6tb harmonic. 

C. nth harmonic. 

D. 2 Srd harmonic. 


the secondary voltage, so that the latter may be cutting 
the axis more than twice per cycle. If the secondary 
instrument has been calibrated with a sinusoidal primary 
current, then, referring to Fig. 13, we have:— 

Mean current through rectifier instrument _ ^ 2b 

True mean current a-j-c—b 

Therefore 


Mean value indi cated on rectifier instrument 
Mean value indicated with fundamental only 


1 + 


2 b 


a -j- c 


1 fi; 


I, 


:) 


Since the rectifier instrument would normally be cali¬ 
brated with sinusoidal waves to read directly the effective 
value of the primary current, we have, for the general 
case 


secondary wave over l-cyclex ^ 1 ± Inl^i 

of areas over l-cycle y^[l -p (J^/I^)2] 



. SpSilS: »aaer Vario™ CondlUons of M,” IM.E.. MM, 

assortment of oscillograms will be found. 


vol. S3, p. 1062, where a large 
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This ratio has been calculated for a number of harmonics 
and for various amplitudes of those harmonics; the 
results are given in Fig. 19. The full and the dotted 
lines are for the positive and negative signs respectively 
in Equation (11). For the 11th and 23rd harmonics, the 
two sets of values were practically identical. It will 
be seen' that a comparatively small high-frec[uency har¬ 
monic in the primary current may cause considerable 
error in the reading given by the secondary instrument, 
thereby confirming the experimental I'esults represented 
bjr Fig. 18. 

(c) If the resistance R of the secondary circuit be made 
very small by connecting a comparative^ low resistance 



Fig. 20. 

X Air-core choke. 

O Closed-iron-core choke. 

A 96 mF- 

across the secondary of an ordinary current transformer, 
the potential difference across the, resistance can be 
measured by a rectifier voltmeter calibrated in terms 
of the primary current. The curves in Fig. 20 give the 
results obtained by connecting a resistance of 0*38 ohm 
across the secondary of a 30/5-ampere current trans¬ 
former. The primary and secondary windings had 27 
and 162 turns respectively. No measurable error was 
found for a frequency variation of 30 to 76 cycles per 
sec. In these tests the voltmeter consisted of a 10-mA 
rectifier in series with a resistance of 380 ohms. Tests 
were made with various secondary resistances up to 
6 • 2 ohms, and the effects of wave-form and of frequency 
were found to increase gradually with increase of resis¬ 
tance. Oscillograms of the secondary potential difference 
indicated that within this range there was only a very 
slight change in the wave-form for a given current in 
the primary. The wave-form error is almost zero in 


Fig. 20, apparently owing to the rectifier voltmeter 
having a comparative^^ small resistance in series, so that 
its deflecting torque is approximately proportional to 
the square of the voltage, as explained in Section (4). 

(7) Conclusions. 

(1) The introduction of a rectifier into a circuit of 
comparatively low resistance distorts the current wave 
and causes a rectifier ammeter calibrated with a sine 
wave to read low. The lower the resistance the greater 
is the error; and, for a given resistance, the smaller the 
current the greater, in general, is the error. 

(2) Owing to its lower resistance, a 10-mA rectifier 
is generally much more suitable than a 1-mA unit for 
measuring currents of the order of microamperes. 

(3) Inductive reactance reduces the distortion of the 
current and thus reduces the error in a rectifier ammeter 
calibrated with sinusoidal current. Capacitive reac¬ 
tance, on the other hand, has the opposite effect. 

(4) The value of the effective resistance of a rectifier 
is affected by the amount of resistance in series, being 
lower the smaller the resistance in series. 

(5) The relationship between the rectified current and 
the voltage applied to a rectifier voltmeter depends upon 
the value of the series resistance. With comparatively 
low values of the latter the exponent of the voltage is 
appi'oximately 2, and the instrument reads roughly the 
effective value of the alternating volteige independently 
of wave-form. 

(6) When a rectifier instrument having a linear charac¬ 
teristic is used with a very badly distorted wave, its 
reading is generally much nearer the true effective value 
than that given by an instrument dependent upon the 
true mean value of the current. Except for a certain 
range and phase of the third harmonic, a rectifier in¬ 
strument calibrated with a sine wave reads the effective 
value within 10 per cent for any shape of wave. 

(7) When a rectifier instrument is used in conjunction 
with a current transformer, the ratio of primary to 
secondary current may be rendered practically indepen¬ 
dent of the current, frequency, and wave-form, either 
(a) by giving the secondary winding a very large self¬ 
inductance, or (&) by connecting a low resistance across 
the secondary terminals of a commercial current-trans¬ 
former and using the I'ectifier instrument as a low-reading 
voltmeter to measure the potential difference across that 
resistance. 

(8) If the rectifier be connected in series with a com¬ 
paratively high resistance across a secondary of relatively 
low reactance, the rectified current is proiDOrtional to 
the frequency and is greatly affected by harmonics in 
the primary current; and the higher the frequency of 
the harmonic the greater is the error. 
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Summary. 

Methods at present in use for determining form factor aie 
outlined, and their good and bad features are indicated. A 
description is given of a new instrument, incorporating a 
copper-oxide rectifier, which gives direct indications of the 
form factor. Test results show that the instrument is sensibly 
independent of variations of voltage, frequency, and tempera¬ 
ture. The form factors of waves of varying shape are shown 
to be correctly indicated, except in the cases of re-entrant 
waves, and rectangular waves of a particular type. Xhe 
effects of this last class of waves are discussed in an Appendix. 


Introduction. 

The determination of the form factor of an alternating 
voltage or, current wave is of importance in several 
branches of electrotechnics; for example, in the testing 
of transformer steels, where the eddy-current losses are 
proportional to the square of the form factor, and in 
the calibration of rectifier instruments, which are scaled 
to indicate r.m.s values, though their indications are 
proportional to average values. Two methods of 
determining the quantity are in use. In the first, tlm 
wave-shape of the voltage or current concerned is 
recorded by an oscillograph, a number of ordinates of 
the wave are measured, and the form factor is calculated 
from the mean and r.m.s. ordinates. The advantages 
of this method are that it is simple and direct, and that 
it gives the wave-shape as well as the form factor, ihe 
disadvantages are that the oscillograph is costly, that 
the method is exceedingly slow and laborious, the 
measurements and calculations for a single result taking 
about half an hour; that the accuracy is low, the 
uncertainty being of the order of 1 per cent; and that 
the heavy current consumption (about 100 milliamperes) 
of oscillographs of the usual type is likely to cause a 
serious alteration in the form factor. 

In the second method the r.m.s. value of the wave 
is measured by an electrometer, thermal instrument, or 
d^^namometer, while the mean value is obtained by the 
use of a permanent-magnet moving-coil instrument, in 
conjunction with a synchronously-driven commutator- 
rectifier. The advantages of this method are that it is 
reasonably rapid; that the accuracy is high (of the order of 
0-1 per cent); and that the current consumption of the two 
instruments can be made very small. The disadvantages 
are that the phase of reversal of the commutator has 
to be adjusted by trial, an operation usually requiring 
two observers; that the generator itself, or a synchronous 
motor free from hunting, must be available; and that 


considerable care is necessary to avoid troubles due to 
bad contact between the brushes and commutator. 

Neither of the two methods mentioned lends itself to 
tlie construction of portable apparatus. 

Principle of the Meter. 

It appeared that the majority of the defects of the 
methods described could be avoided by the use of an in¬ 
strument incorporating a copper-oxide rectifier, arranged 
to work at a constant r.m.s. voltage. Such an instrument 
would consist of a low-range dynamometer voltmeter, 
connected in parallel with a permanent-magnet moving- 
coil voltmeter with rectifier, means being provided to 
vary the voltage applied to the combination until the 
dynamometer indicates some standard value. Wlien 
this adjustment has been made the indication of the 


4 X 50 Volts 4 x to votrs Jsv 9oV 



rectifier instrument will depend only upon the form 
factor of the applied voltage, and the instrument can 
be scaled to give this quantity directly. Fig. i, to 
which more detailed reference will be made later, shows 
the principle of the instrument. 

The difficulties met with in the design of the meter 
arise from the wide range of frequency over which the 
instruments must be accurate, and from the imperfec¬ 
tions of the copper-oxide rectifier. As regards the first 
point, it is necessary to keep the power consumption 
of the meter low if it is to be of use in magnetic testing. 
The dynamometer must therefore be wound for a very 
low current, and so must have a relatively high induc¬ 
tance, while the available voltage will not be sufficiently 
high to allow a large " swamp ” resistance to be used. 
Fortunately, however, the well-known device of con¬ 
necting capacitance in parallel with a part of the swamp 
resistance allows this error to be reduced to a negligible 
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amount for fundamental frequencies up to at least 
800 cycles per sec. The frequency characteristic of the 
rectifier instrument is satisfactory without compensation 
over this range. 

The limitations due to the rectifier itself are more 
serious, and arise from the fact that the impedance of 
the copper-oxide device in the ” forward ” direction 
varies very greatly with the current rectified. For the 
particular t 3 q>e used in the instrument under discussion, 
the impedance at a current corresponding to full-scale 
reading on the associated instrument is approximately 
1 500 ohms, while at one-twentieth of this current the 
impedance is appi'oximately 16 000 ohms. In conse¬ 
quence, the curve of direct-current output against 
applied direct-current voltage for a rectifier in series 
with a fixed resistance is of the form shown in Fig. 2. 

When an alternating voltage is applied to the rectifier 
circuit, therefore, the instantaneous output current is 
not exactly proportional to the instantaneous applied 
voltage: hence the mean output current during a half- 



Fig, 2. 

cycle will depend upon the wave-shape of the applied 
voltage, even when the mean value of the voltage wave 
is maintained constant. 

The effect is not of importance in ammeters, etc., 
embodying rectifiers, because, as has been mentioned, 
such instruments are usually scaled to indicate r.m.s. 
values, and so have already a very large wave-form 
error due to variation of form factor, which renders 
them unsuitable for non-sinusoidal currents. In the 
present case, however, in which the instrument is 
specifically intended to be used on circuits of very 
varied wave-form, and in which the error due to form 
factor does not arise, the lack of proportionality in the 
response of the rectifier sets a low limit for the operating 
voltage of the naeter. 

Referring again to Fig. 2, the rectifier-circuit charac¬ 
teristic is seen to consist mainly of a straight line, not 
passing through the origin. The equation connecting 
the instantaneous output current i with the instantaneous 
applied voltage v for this part of the characteristic is 
i = [v — h)lr, where 6 is a constant, and r is a constant 
for a given value of the rectifier-circuit resistance. The 
lower portion of the characteristic is of curved form. 

The effects of the constant 6, and of the’ curvature 
near the zero, may be reduced by increasing the mean 


value of the applied voltage v. This value, which fixes 
the minimum working voltage of the instrument, must 
be so chosen that the mean output current of the 
rectifier is independent of wave-form, within the desired 
limits. This quantity is ascertained by measuring a 
number of equally-spaced ordinates of the wave-shape 
under consideration, determining the value of i for each 
of these values of v from the rectifier-circuit charac¬ 
teristic, and averaging the values of i. In this way the 
readings of the rectifier instrument for any two voltage 
waves of different shapes, but with equal mean values, 
may be compared. 

The minimum working voltage of the meter depends 
upon the range of wave-shape over which the accuracy 
of indication must be maintained. For example, the 
wave-shape of the voltage applied to an instrument 
designed to work in conjunction with an iron-testing 
set would ordinarily vary within fairly narrow limits 
only, for a given value of form factor. In such a case, 
if an accuracy of 0*2 per cent were desired, the meter 
could be made to operate satisfactorily down to a voltage 
as low as 5 volts. The instrument to be described was, 
however, intended for use with voltages having any 
possible wave-form, with two exceptions to be discussed 
later. Calculations showed that if an accuracy of 0*2 
per cent was to be maintained under these conditions 
the minimum working voltage was of the order of 20 
volts. 

In the preceding discussion no mention has been made 
of another characteristic of the rectifier, namely the 
leakage current through the two inactive elements of 
the bridge network. Such leakage is relatively much 
larger at low forward currents than at high ones, and 
gives rise, therefore, to wave-form errors of the same 
type as those due to variation of the forward impedance. 
The errors due to leakage are only about one-tenth as 
large as those which have been discussed, and in practice 
they are negligible: if, however, the constants of the 
rectifier are determined by measurements on the full- 
wave rectifying bridge, allowance is automatically made 
for such effects. 

For voltages higher than the minimum value, resistance 
is added in series with the dynamometer-rectifier 
combination. The errors of the instrument will not be 
affected by this addition so long as the wave-form of 
the voltage across A-B (Fig. 1) is a true reproduction 
of the wave-form of the voltage at the instrument 
terminals. Since both branches of the circuit A-B are 
substantially free from reactance, no distortion due to 
this cause will occur. Distortion due to variation of 
the impedance of the rectifier is minimized by the 
presence of the swamp resistor Rg, which may have a 
resistance of about 40 000 ohms in a 20-volt instrument, 
and by the fact that the rectifier instrument circuit is 
shunted by the dynamometer circuit, which will ordin¬ 
arily have an impedance less than one-tenth as great. 
Under these conditions the change of error due to added 
resistance is negligible. 

CONSTR’aCTION OF THE MeTER. 

With the foregoing considerations in -view, an instru¬ 
ment was designed with the co-operation of the Cambridge 
Instrument Co., and was manufactured by that firm. 
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Various modifications of the original design have been 
made, and the form described here is the final one. 
The meter is contained in a wooden case 19 in. x 8 in. 
X 6 in., provided with a slip-hinged lid and a carrying 
strap. The case is divided into three parts, which 
contain respectively the voltage-adjusting rheostats, the 
dynamometer instrument, and the rectifier instrument: 
the details of the circuits are shown in Fig. 1. The 
rheostat compartment carries a panel on which are 
mounted two 5-position turning heads, controlling 
resistors suitable respectively for 50 volts per step and 
10 volts per step, and a further head controlling a 
continuously variable resistor suitable for 12 volts. 
The minimum working voltage of the instruments being 
20 volts, the meter is applicable to voltages of 20 to 
272 volts by adjustment of the turning heads. The 
two heads controlling the larger resistors are provided 
with safety devices which prevent the lid from being 
closed unless the heads are set to their highest positions. 
The panel also carries a key which breaks the instrument 
circuits and so allows the zeros to be checked. 

The central compartment of the case contains the 
dynamometer D, which is of the unipivot type, and 
gives its working deflection with a current of 10 milli- 
amperes. As has been mentioned, a condenser C is 
shunted across a part of the series resistor Rj^, in order 
to provide compensation for the change of impedance 
of the dynamometer with frequency. 

Since the 20-volt rectifier instrument has a negative 
temperature coefficient of sensitivity of the order of 
O’05 per cent per deg. C., it is desirable to give the 
dynamometer instrument a similar temperature co¬ 
efficient, and so reduce the effect of temperature on the 
form factor indication. The proportion of copper in the 
dynamometer circuit is insufficient to give the desired 
value, and a small amount of nickel wire is therefore 
included in Rj. 

The instrument scale carries only two marks—the 
zero line, and a fiducial line near the top of the scale 
marked " Set Volts.” When the pointer of the dynamo¬ 
meter has been brought to this line by adjustment of 
the rheostats, an r.m.s. voltage of 20 volts exists between 
the points A and B (Fig. 1). 

The rectifier instrument, contained in, the right-hand 
compartment, consists of a unipivot permanent-magnet 
moving-coil instrument (P.M. in Fig. 1) shunted to give 
full deflection for about 0’4 milliampere. It is fed by 
a Westinghouse instrument-type rectifier, rated at 1 
milliampere maximum, through the series resistor Rg. 
The upper portion of the scale-plate carries a scale of 
form factor running from 1-320 to 1-000, the mean 
length of a scale division, representing 0-010, being 
0 • 8 mm. This scale is placed on the rectifier instrument 
rather than on the dynamometer in order to allow the 
dynamometer to be used as a voltmeter without reset¬ 
ting the rheostats. 

The calibration of the instrument was carried out on 
a supply whose wave-form was known to be closely 
sinusoidal. The dynamometer pointer having been 
brought to its fiducial mark, the position of the pointer 
of the rectifier instrument gave the scale point corre¬ 
sponding to a form factor of 1-111. Assuming that the 
rectifier response is independent of the applied wave- 
VOL. 75. 


form, further scale points could then be determined by 
applying a voltage of I’lllxjF, where x is the voltage 
corresponding to “Set Volts” on the dynamometer, 
and F is the value of the form factor corresponding to 
the scale-point to be marked. Actually, small calculated 
corrections, of the order of 0-2 per cent, were made to 
the voltages so applied, in order to allow for the difference 
between the rectifier responses for a sine wave, and for 
the more peaked waves corresponding to higher form 
factor's. 

Performance of the Meter. 

The completed instrument was tested by comparison 
with the permanently-installed apparatus of the Elec¬ 
trical Measurements Division of the Laboratory. This 
apparatus consists of a sensitive reflecting electrometer 
and a reflecting permanent-magnet moving-coil galvano¬ 
meter: the latter instrument is used in conjunctioir with 
a rectifier of the synchronous-commutator type, mounted 
on the shaft of the main alternator. The form factor 
sensitivity of the apparatus is about 0 -1 per cent, and the 
maximum eri'or is probably about 0 • 2 per cent. In some 
cases this apparatus was connected to a tertiary winding 
of the transformer supplying the meter, while in others a 
resistance voltage-divider was employed. In all tests con¬ 
cerned with the effect of wave-form, and in a number of 
the other tests, a low-period Duddell oscillograph was 
employed to record the wave. 

Scale Errors. 

For these tests, waves containing harmonics of low 
order only were employed. Fig. 3 shows a typical wave 
of high form factor, while Fig. 4 shows one of low form 
factor. The errors at a frequency of 60 cycles per sec. 
and with an applied voltage of 100 volts are given in 
Table 1. 


Table 1. 


Meter reading 

Percentage error 

1-052 

— O-g 

1-119 

- 

1-165 

-1- 0-1 

1-205 

~ 0-1 

1-278 

-1-0-2 

1-313 

+ 


These figures of error indicate that the method of 
calibration already described is satisfactory, since they 
are of the same order as the experimental error arising 
in the comparison of the meter and standard. This 
point is of some importance, because the synchronous 
commutator is not very generally available, and it is 
therefore an advantage to be able to determine the 
scale points by other means. 

Effect of Variation of Voltage. 

The efieet on the errors of the meter of variation of 
the applied voltage was determined at low and high 

30 
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form factors, at a frequency of 50 cycles per sec. ihe 
results obtained are given in Table 2. 


Table 2. 


Change of voltage 

Change of error (per cent) 

At form factor 1'12 

At form factor !■ 31 

volts 


-0-1 

100-24 

+ 0-1 

100-250 

+ O'l 

^‘o 


These figures indicate that the errors of the meter are 
independent of the applied voltage, to the accuracy 
sought. 


Effect of Variation of Frequency. 

The effect of variation of frequency was investigated 
over the range 25-800 cycles per sec., at a voltage of 
30 volts. The wave-shape employed for frequencies 
above 100 cycles per sec. was that shown in Fig. 8: this 
wave has a considerable harmonic content, though the 
form factor is low. The results obtained are given in 
Table 3: the values for frequencies above 100 cycles 
per sec. are slightly less reliable than those for lower 
frequencies. 


Table 3. 


Change of frequency 

Change of error (per cent) 

At form factor l-ll 

At form factor 1 ■ 30 

cycles per sec. 
60— 26 

+ 0*1 

-0-1 

60—100 

O-o 


60—300 

O'o 


60—500 

-0-2 


50—800 

+ ^T 



These results indicate that the errors of the meter are 
independent of frequency, up to 800 cycles per sec. 


Effect of Variation of Temperature. 

The temperature coefficient of the errors of the meter 
was determined over the range -f- 15° C. to -|- 35° C., 
at two voltages and at various form factors. The 
changes of error caused by an increase in temperature 
of 20 degrees C. are given in Table 4. 


Table 4, 


Voltage 

Form factor 

Change of error 



per cent 

30 

1-1 

-0-1 

, 30 

1-2 

+ ^T 

30 

1-3 

—I” 0*1 

250 

1-3 

^‘o 


These results indicate that the temperature coefficient 
of the instrument is negligible for the range 16° C. 
to + 35° C. 

Effect of Variation of Wave-shape. 

The effect of wave-shape upon the performance of the 
meter was investigated for a number of waves, some of 
which are reproduced as Figs. 6-10. The variations of 
error due to the use of these waves instead of the calibra¬ 
ting waves shown in Figs. 3 and 4 are given in Table 5, 
which includes also the Fourier analysis of the waves, 
up to the 11th harmonic. The amplitudes of the 
harmonics are given as percentages of the amplitude of 
the fundamental, values of less than 2 per cent being 
omitted. 

The changes of error in Table 6 are within the limits 
of experimental error, and the meter may therefore be 
said to be independent of wave-shape, for waves normally 
encountered. There are, however, two t 3 q)es of waves 
which give rise to errors. One of these, which is con¬ 
sidered in the Appendix, is not of practical importance. 
The other type consists of re-entrant waves; that is, 
waves in which the function passes through zero more 
than once per half-cycle. A wave of this type is illus¬ 
trated in Fig. 11. In determining the mean height of 
this wave the small loop A should evidently be subtracted 
from the sum of the loops B and C, an operation which 
the commutator-rectifier performs correctly if the 
brushes are properly set. The full-wave copper-oxide 


Table 5. 


Wave 

Harmonics, as percentages of 
fundamental 

Form 

factor 

Change of 
meter error 



3rd 

6th 

7th 

9th 

llth 

Fig. 

3 

32 

2 

2 

■ 


m 

per cent 

Fig. 

4 

28 

6 

— 


_ _ 


— 

Fig. 

5 

42 


2 

H 

— 

1-318 

-f 0-1 

Fig. 

6 

28 


— 

2 

-- 

1-194 

^‘o 

Fig. 

7 

40 

8 

4 

— 

— 

1-145 

O-o 

Fig. 

8 

14 

8 

8 

2 

— 

1-110 

-0-1 

Fig. 

9 

16 

4 

4 

4 

14 

1-161 

-0-1 

Fig. 

10 

32 

16 

8 

4 


1-041 

“H 0-2 


rectifier, however, adds the areas of loops A, B, and C, 
and an error proportional to the percentage area of the 
loop A results. The form factor meter is therefore 
unsuitable for use on re-entrant waves. This fact does 
not greatly impair its utility, because such waves are 
not often encountered, and have, in any case, to be 
avoided in determining the losses in magnetic material; 
but it is a limitation which has to be borne in mind. 

Stability. 

There remains the question of the stability of the cop¬ 
per-oxide rectifier over a period of time. No instability 
large enough to be detected has manifested itself during 
the few months that the instrument has been in use. 
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but this period cannot be regarded as long enough to 
be of much value. Fortunately, since the current 
consumption of the instrument is low, it is an easy matter 
to construct a filter network which will enable a wave 
substantially free from harmonics to be obtained from 
any normal alternator. If such a wave is applied to 
the meter, the pointer should lie on a red line which is 


Voltage Calibration. 

The adjusting rheostats of the meter are marked in 
volts, and their reading therefore gives the r.m.s. voltage 
when the dynamometer indicates “Set Volts.” The 
frequency errors of the dynamometer are of the same 
order as those of the complete form factor meter, and 
the temperature errors are also small. The accuracy of 




Fig. 3. 


Fig. 7. 



Fig. 4. 


Fig. 8. 




Fig. 6. 


Fig. 10. 


provided on the scale at the reading 1-111: in this way 
the accuracy can very readily be checked. 

Precautions in Use. 

In view of the fact that the instruments are not 
magnetically shielded, it is necessary to^ avoid placing 
the meter in a magnetic field alternating in synchronism 
with the operating voltage. It is also desirable that the 
supply voltage should be reasonably steady, since the 
sensitive dynamometer is necessarily under-damped. 


the instrument as a voltmeter is therefore mainly 
determined by the accuracy and openness of the rheostat 
scales. In the present instrument no great accuracy in 
the voltage scaling has been aimed at, and the errors 
of the voltage indication are of the order of 1 per cent. 

Conclusion. 

The meter in its present form is of high accuracy, 
and is substantially free from errors due to normal 
variations of voltage, frequency, temperature, or wave- 
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shape. Any further development will probably aim at 
making the instrument suitable for a lower voltage. 

In conclusion, the author desires to express his great 
indebtedness to his colleagues Messrs. A. Felton, C. E. 


are given in the first column of Table 6, and the corre¬ 
sponding currents are given in the second column. 

Similar calculations for other normal waves give 
values of the mean rectifier current, for applied voltages 
having a constant mean value of 18-00 volts, varying 



Fig. 11. Fig. 12. 


Webb, and L. H. Ford, for their assistance in the determi¬ 
nation of the performance of the meter. 

, APPENDIX. 

It has already been mentioned (see page 466) that 
non-re-entrant waves of one type cause errors in the 
indication of the forni factor meter. The waves in 
question are those in which the voltage is zero for a 
considerable part of the half-cycle, and approximately 
constant for the remainder; Fig. 12 shows an example. 
In these circumstances the rectifier is operating for 
practically the whole active part of the cycle at a point 
on its characteristic where the efficiency is high, whereas 
with more normal waves the rectifier operates over the 
whole characteristic from zero voltage to the peak voltage, 
and has, on the average, a lower efficiency. In conse¬ 
quence, the wave shown in Fig. 12 causes the rectifier 
instrument to give an unduly high, reading, and the 
indicated form factor is too low. 

The calculation of the magnitude of the effect for the 
particular instrument under discussion is given below. 
The current flowing through the rectifier instrument for 
an applied voltage v volts can be represented in this 
case by 

_ 0-47 

i (milliamperes) = -- 

V ^ ^ 43-07 

from V ~ 2-5 upwards. For lower values of v the char¬ 
acteristic passes through the following points:— 


V 

i 

0-2 

0-0010 

0-5 

0-0051 

1-0 

0-0149 

1-5 

0-0263 

2-0 

0-0362 


Consider first the wave shown in Fig. 3, and used for 
the determination of the errors of the higher scale-points 
of the meter. The values of 20 ordinates of this wave 


by amounts of the order of 0 • 1 per cent from the figure 
0 • 4074 milliampere. 

Consider now the wave shown in Fig. 12, which has 
a form factor of 1 • 320. The height of this wave, for 


Table 6. 


Applied voltage 

Rectifier current 

volts 

milliamperes 

0-52 

0-0055 

1-34 

0-0220 

2-52 

0-0476 

4-00 

0-0820 

6-18 

0-1326 

9-99 

0-2210 

14-33 

0-3218 

20-31 

0-4606 

26-96 

0-6150 

36-61 

0-8391 

40-09 

0-9199 

41-11 

0-9436 

39-76 

0-9122 

36-68 

0-8407 

30-96 

0-7077 

21-63 

0-4913 

14-16 

0-3179 

8-00 

0-1748 

3-84 

0-0782 

1-02 

0-0153 

Mean 18-00 

Mean 0 - 4074 


a mean value of 18-00, is 31-36 volts, while the active 
part occupies a fraction of the half-cycle represented by 
1/(1-320)^. The mean rectifier current is, therefore. 


31-36 - 0-47 
43-07 X (1-320)2 


0-4116 milliampere. 
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The reading of the rectifier instrument will accordingly 
be 1 ■ 0 per cent higher for this wave than for the wave 
of Fig. 3, and the indicated form factor will be lower 
by this amount. The value of the difference actually 
obtained by experiment was 1-2 per cent. 

The error in question is not of much importance, 
because it is confined to a very small class of waves. If, 


for example, the voltage, instead of being zero for a 
part of the half-cycle, has a value corresponding to 
5 per cent of the maximum voltage, the indication of 
the meter is normal. The error is also negligible for 
waves of the type shown in Fig. 12, but of low form 
factor, as may be seen from the value given in Table 6 
for the wave shown in Fig. 10. 


Discussion before the Meter and Instrument Section, 2nd March, 1934, on the Papers 
BY Dr. Hughes (see page 453) and Mr. Spilsbury (see page 463). 


Mr. F. E. J. Ockenden: Dealing first with Mr. 
Spilsbury's paper, I gather that the great virtue of the 
author’s form factor meter is portability, and that he 
regards the use of a true synchronous rectifier combined 
with an accurate d.c. instrument as fundamentally a 
more accurate method of measuring form factor than the 
oscillograph method. The latter, although not portable, 
must, I think, have advantages; because even if the 
uncertainty is, as he suggests, of the order of 1 per cent, 
nevertheless the oscillograph gives not only the form 
factor but also a complete view of the wave. The 
additional information conveyed by the latter would 
probably offset the odd 1 per cent of uncertainty in 
readings taken from the oscillograph record. As Mr. 
Spilsbury pointed out, his form factor meter suffers 
from the limitations of the rectifier itself. The wave 
must not be of such a shape as to operate on the rectifier 
at a poor point in its rectifying characteristics for a 
large portion of the cycle; in other words, so long as 
most of the wave is using the rectifier at satisfactory 
points on its characteristic curve the indications will 
be correct. 

With regard to the paper by Dr. Flughes, when 
copper oxide rectifier-operated instruments were first 
introduced I considered that they could not claim 
a place among scientific instruments of a high order of 
accuracy. My colleagues, however, were more optimistic, 
and decided to make use of selected rectifiers. Taking 
all the circumstances into account I must admit that 
this course was fully justified since, -in spite of their 
limitations, rectifier instruments if properly designed 
have features which are not possessed by any other 
form of indicating instrument. The author has gone 
into the question of their behaviour very thoroughly 
from an academic point of view, and it is of interest to 
compare his conclusions with those arrived at by practical 
workers in the course of some years with rectifiers. 
I agree with conclusion (1), page 462, which mentions 
that the introduction of a rectifier into a low-resistance 
circuit distorts the current wave and causes the rectifier 
ammeter to read low; but this applies only to circuits 
of very low resistance, where the rectifier is used merely 
because it gives an evenly divided instrument scale. 
The resistances are fairly high as a rule, however, and 
that characteristic is not likely to produce any great 
efiect. Conclusion (2) must also be qualified by a 
statement as to the resistance of the rest of the circuit. 
If one is measuring microamperes in a circuit in which 
the potential is fairly high and the circuit resistance 
very high, the resistance of the rectifier is negligible by 
comparison, and, since the rectifier characteristics of 
the 1-mA type are better than those of the 10-mA 


type, a 1-mA rectifier would give the better result. 
A point which is not discussed in the paper is the question 
of temperature coefficients. A 10-mA rectifier used on 
1/10 (i.e. 1-mA) load will show a worse temperature 
characteristic than a 1-mA rectifier working at full load. 
In general, if the current density in the rectifier is high, 
there will be a correspondingly large drop across the 
latter, but the temperature characteristics will be good. 
If, on the other hand, the current rating is low, the 
drop will be low also, but the temperature characteristic 
will tend to be poor; and the two factors have to be 
balanced one against the other. I regard conclusion (3) 
as self-evident, because the tendency of the rectifier is 
to introduce harmonics into an otherwise sinusoidal 
wave; and, assuming the circuit is of low resistance, 
an inductance will tend to choke out those harmonics, 
whereas a capacitance will tend to furnish a low-impe¬ 
dance path for them. Conclusion (4) needs a certain 
amount of qualification, because the d.c. resistance of 
a rectifier for a given current is constant and independent 
of the series resistance in the circuit. What the author 
apparently means, however, is that the effective resistance 
alters the wave-form of the current flowing when one 
is dealing with sinusoidal voltage waves and a low- 
resistance circuit. Conclusions (1) and (4) therefore 
really mean the same thing, and it is imperative to 
mention that conclusion (4) applies to alternating currents 
flowing in circuits of low resistance. It is obviously 
not true of a d.c. circuit. Conclusion (5) has also to 
be modified by the question of temperature characteristics. 
In its present iorm it means that one has to use a very 
low voltage in a circuit containing a rectifier instrument 
if the latter is to give the effective value of the current, 
instead of merely the mean value. In practice, however, 
I should not care to do this, because the rectifier would 
be operating under such extremely poor conditions that 
one could not rely upon the readings unless the instru¬ 
ment had been calibrated immediately beforehand at 
the opei'ating temperature. Conclusion (6) states that 
the reading is generally much nearer the true average 
value than that given by an instrument worked from 
a rectifier of the mechanical type. I take it that this 
can apply only where the wave is re-entrant and cuts 
the zero axis twice. If not, the copper-oxide rectifier 
can have no advantage over the mechanical rectifier as 
a means of ascertaining the average value of the wave. 
As regards conclusion (7), the application of the rectifier 
to a current transformer is now so thoroughly under¬ 
stood that it is die&cult to see how the author arrives 
at these views. Turning to the formula for the current- 
transformer performance given at the top of page 459, 
the author states that “ M is the mutual inductance. 
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I/g and i? are the self-inductance and resistance respec¬ 
tively of the secondary circuit.” His mention of the 
secondary circuit rather suggests that he is referring to 
the leakage reactance, i.e. the reactance with a closed 
secondary circuit; but it is apparent from the formula 
that he means the open-circuit inductance, and in that 
case it should be clearly stated that the open-circuit 
inductance is measured at such an induction as will be 
in practical use when the transformer is on load. If 
the transformer is working on a closed circuit having 
practically no impedance, the induction in the core is 
practically zero, and L measured at that induction would 
also be very small. On the other hand, if the burden 
on the current transformer is increased, the flux in the 
core must rise to supply the, necessary e.m.f.,.and the 
self-inductance measured on open circuit in those 
conditions will be very much greater. In equation (9) 
the author ignores the fact that is not a fixed quantity, 
but is dependent on R, In other words, within the 
limits of the saturation of the transformer core, and the 
ability of the primary current to supply magnetizing 
current, the function will be such that 

the correct secondary current will pass through the 
secondary circuit irrespective of the value of B. The 
ratio of a good current transformer is not greatly affected 
by the secondary burden. The resistance of the rectifier 
varies with the instantaneous value of the current, and 
therefore if the rectifier is connected as a secondary 
burden the instantaneous burden on the transformer will 
vary cyclically; but the flux, in the core will vary 
cyclically in the same sense, and the ultimate tendency 
must be to pass the true current through the secondary 
circuit. The problem of obtaining the true secondary 
current even when the primary current is very small 
can be solved, as the author points out, by maldng 
large. He suggests doing this by using a large core, 
but the easiest way to overcome the difficulty is to make 
the number of secondary turns sufficiently large. Assume, 
for example, that, the drop across the average rectifier 
at full load is 1 volt: if the current transformer is wound 
for 6 amperes the secondary burden will be 6 VA, but 
if a 1-mA rectifier and a transformer with 5 000 times 
as many secondary turns are used, the burden will be 
only 1 milliwatt and the inductance will be correspond¬ 
ingly high. I consider, therefore, that the correct 
solution of the current-transformer problem is not to 
try to use a rectifier voltmeter across a resistance, but 
to make the movement of the voltmeter the true 
secondary burden. To those who are engaged in 
experimental work involving the use of rectifiers the 
paper is of great value, since it shows clearly the nature 
of the errors which may arise in rectifier circuits in 
certain conditions. I feel, however, that if the conclu-: 
sions arrived at by the author are allowed to pass without 
some qualification an unjustifiable sense of alarm may 
be caused among users of rectifier-pattern instruments. 

.. Mr. H. Cobden Turner (remarks presented by 
Mr. A. Sherwln) : For purposes where temperature 
changes are met with, the selenium rectifier has pro¬ 
nounced advantages over the copper-oxide rectifier. 
For instattce, it has only about one-quarter of the 
temperature variation of copper-oxide rectifiers, and 
therefore Cbmpensatibn fpr temperature is more easily 


achieved. Dr. Drysdale recently suggested that the 
ideal instrument for many, if not most, purposes would 
be one with a logarithmic scale, and in this connection 
the selenium rectifier is of special use. (Mr. Sherwin 
here exhibited,a lantern slide.) This shows a logarithmic 
scale produced by associating a rectifier with a moving- 
coil instrument which has been calibrated in decibels 
as well as in milliamperes. The instrument gives a 
close approximation to the inverse ratio of impedance 
with current over a wide range. The rectifier unit is 
not of the copper-oxide type, and the law which governs 
its operation varies somewhat from the 0-8 power law 
mentioned by the author. The instrument has various 
applications in the field of high-frequency measurement. 
(Mr. Sherwin here exhibited another lantern slide.) 
This , shows a long-scale voltmeter, 0-100 volts. The 
scale departs somewhat from the linear law. This 
instrument has its own problems of temperature and 
frequency compensation, which have been dealt with 
in a practical manner, but the same questions of minimum 
current impedance and wave-form remain. The develop¬ 
ment of this instrument is due to Dr. Ryall, of the 
Post Office. 

Mr. S. A. Stevens : I am very fortunate in having 
been associated with the development of the copper-oxide 
rectifier in this country from the time when it was first 
. placed on the market, and even at that period (1927) 
the possibility of using it for measuring purposes was 
foreseen. One of the first instruments I ever examined 
fitted with this type of rectifier had been made in the 
laboratories of the Union Switch and Signal Co. under 
the direction of Dr. Grondahl, the inventor of the copper- 
oxide rectifier. I was very dissatisfied with the design 
of that instrument; it was provided with a most unsuitable 
rectifier, the defects of which were compensated by an 
extremely complicated resistance network. The first 
rectifier instrument which we made in this country, 
in 1927, was arranged as a 3-range voltmeter having 
scales of .1-6, 15, and 150 volts. It was designed for 
making measurements on railway track circuits, and it 
incorporated the first rectifier which was specifically 
designed for instrument purposes. The rectifier was of 
the 50-mA type. The instrument was put to practical 
test on a large electric signalling contract for 3 years, 
where it was chiefly employed as a circuit tester, being 
nearly always used on its 1 ■ 5-volt range. When the 
instrument was returned it was very dirty and the 
pointer was bent over at right angles, but after mechanical 
overhaul I could find little fault with its calibration. 
Since then it has had 3 years’ work in a general test- 
room, and has often been brutally used. Its maximum 
errors are now about 1 • 5 per cent on the 160-volt range, 
3 per cent on the 15-volt range, and 10 per cent on the 
1'6-volt range, with the original rectifier. These 
figures show that the maximum errors are to be expected 
on the. low ranges unless other steps are taken. For 
the highest accuracy on ranges of less than 10 volts, 
my advice is, do not couple the rectifier through a small 
resistance, so that the rectifier impedance is the main 
impedance in the circuit, but transform the voltage up 
with a small potential transformer. This need only 
weigh-a few ounces, as the load will only be of the order 
of I milliwatt. One way of judging a rectifier instru- 
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ment is to look at its scale. If this is linear the instru¬ 
ment can be relied upon, but if the scale is contracted 
it means that the rectifier impedance has a controlling 
effect on the deflection. I made a current-transformer 
rectifier instrument in 1927. The core of the transformer 
was not made of mumetal; in fact mumetal is not * 
necessary if the design is correct. A current transformer 
with about sq. in. of iron can be designed to have 
good frequency characteristics between 26 and 5 000 
cycles per sec., because the burden on the secondary is 
so small. The construction of the metal rectifiers made 
in 1927 was on the following lines. The disc was of 
f in. diameter, of oxidized copper, and had a lead contact 
washer clamped against it. Four of these elements 
clamped up together made a bridge rectifier. To ensure 
that a rectifier will give the most efficient operation on 

Q Lead contact 


Insulating disc 



an instrument, it is necessary to take into consideration 
the instrument load. Nearly always the instrument is 
required to woi'k on a very low curi'ent consumption, 
of the order of 1 mA. A rectifier of in. diameter is 
much too large for this current, because it has a far 
greater reverse current than is desirable. An excessive 
reverse current means an excessive temperature error 
in the instrument. The aim of development, therefore, 
must be to reduce the oxide area, so as to make a .small 
and efficient rectifier which will yet be capable of 
carrying the current required. We tried to oxidize 
tiny pieces of copper and build these up as minute 
rectifiers: we found that, though we could subject 
these small pieces of copper to the necessary treatment, 
the reverse current did not.diminish as the area.was 
reduced. We therefore developed, in 1929, the con¬ 
struction shown in Fig. A. We took the oxidized disc, 
etched away all but a very small portion of the oxide 
area, and then covered the area of bare copper left with 
a piece of insulating material having a hole in it, of 
smaller diameter than the oxide area, in which a minute 



lead contact was placed. This construction was a vast 
improvement. There is still, however, a defect in this 
type of rectifier, namely the frequency error, which is 
caused by the high self-capacitance of the adjacent 
pieces of copper separated only by insulating discs. 
The frequency error amounts to about 5 per cent at 



10 000 cycles per sec., corresponding to a difference of 
less than 0-5 decibel. As a change of at least 2 decibels 
is necessary for the alteration to be iioticed by the ear, 
a 6 per cent error is not of serious importance. By 
adopting a new method of construction (Fig. B) we 
have been able to produce an equally good rectifying 
ratio without introducing stray capacitance. This 
development has arisen out of the use of the metal 


Cycles per sec. 



Fig. C. —Frequency error at full scale of 1-mA I'ectifier used 
in conjunction with 1-mA 100-mV moving-coil instrument. 


rectifier for radio-frequency detection purposes. The 
main difficulty, now that we have been able to achieve 
a high reverse resistance with small elements, is to 
assemble the rectifier unit. The parts are fitted inside 
a complicated bakelite moulding forming the centre¬ 
piece, with bakelite clamping plates at each end backed 
np by spring pressure. The new type of rectifier has 
a frequency range of rather more than 10 times that of 
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the earlier type, and has a negligible error np to fre¬ 
quencies exceeding 100 000 cycles per sec., as shown in 
Fig. C. These frequency errors are obtained when 
reading at full scale on a 1-mA instrument with a 1-mA 
rectifier, the instrument movement having a resistance 
of 100 ohms. If the resistance of the instrument move¬ 
ment is higher, the voltage-drop across the rectifier will 
be greater, the potential to which its self-capacitance 
is charged will be greater, and hence there will be a 
bigger frequency error. The resistance and capacitance 
curves reproduced in Fig. D show that a bigger frequency 
error is obtained at a lov'er current density. The 
resistance curve follows the usual d.c. characteristic 
of a rectifier, and the capacitance also changes with 
the instantaneous value of the current passing. The 
capacitance curves of the old and the new types of 
rectifiers are of the same form, but show that we have 
subtracted a constant quantity of about O-OOlSjuF on 
the 1-mA size. There are now operating throughout 
the world six factories manufacturing copper-oxide 
rectifiers. Two of the American factories are producing 
instrument-type rectifiers. They have all along made 



Fig. D.—Input impedance with 1-mA 100-mV moving-coil 

instrument. 

the small-size element for this work; they have not 
troubled to develop it to a high rectification ratio, but 
have been more concerned with the frequency error. 
Instruments which come into this country fitted with 
American-made rectifiers thei-efore have rather bad 
temperature errors. The French factory had not until 
now made instrument rectifiers, and the great majority 
of the instrument-type rectifiers used in Germany have 
been made in this country. In fact, more instrument 
rectifiers have been made over here and exported than 
have been used in this country. 

Mr. F. L. Best: The paper by Dr. Hughes makes it 
clear that if an a.c, voltage is offered to a rectifier the 
latter must distort not only the alternating current 
•through the external portion of the circuit but also the 
direct current which is passed through the galvanometer 
‘receiving it. This variation of current can be regarded 
as due to one of two causes. In equation (1) it is expressed 
in. such a way that there appears to be standing-back 
"e.m.f. in the rectifier of the order of 0-4 volt. Alter- 
■ natively, we can consider that the rectifier is similar 
tO’a galvanometer, being made of material having a 


large negative temperature-coefficient and zero thermal 
lag, so that its resistance varies from instant to instant 
with the current. In conclusion (4) it is stated that 
the effective resistance of a rectifier is lower the smaller 
the resistance in series. I do not quite agree with this 
conclusion, and indeed I am rather inclined to suspect 
that the reverse is the case. I cannot see how the 
effective resistance of a piece of apparatus can be affected 
by a resistance which is external to it. I can appreciate 
that an inductance which is not truly astatic or a con¬ 
denser which is not entirely shielded can be affected 
by the characteristics of the external circuit, but I find 
it difficult to accept the fact that a rectifier can have 
its inherent characteristics affected by external factors. 
The performance of a rectifier seems to me to be deter¬ 
mined solely by the voltage across its terminals. Turning 
to equations (4) and (5), let us assume that the resistance 
of the rectifier and galvanometer is 100 ohms. Using 
the author’s method of determining, if the resistance of 
the rectifier arrangement falls, the added resistance for 
twice the voltage will be greater than the original 
impedance. For instance, if the resistance of the rectifier 
arrangement fell to 90 ohms, we should have to add 
110 ohms to obtain 200 ohms at twice the voltage; it 
seems to me that it is possible for the rectifier resistance 
to fall, and, if it does, the results given by the author’s 
method will be false. The effect of a swamp resistance 
is in fact to straighten out the deformation of the wave¬ 
form due to the rectifier itself, and it is interesting to 
consider exactly what effect this has at the terminals of 
the rectifier. We know that in an iron circuit the current 
cannot be sinusoidal if the applied voltage is sinusoidal, 
because of the characteristics of iron. Similarly the 
current through the rectifier cannot be sinusoidal if 
the voltage is sinusoidal, or conversely if the current is 
sinusoidal then the voltage across it cannot be sinusoidal. 
Although the voltage across a circuit having a large 
amount of static resistance, as distinct from the dynamic 
resistance of the rectifier, may, if the swamp resistance 
is large, be sinusoidal, the voltage appearing across the 
terminals of the rectifier will not be sinusoidal, because 
of the internal characteristics of the latter. It is easy 
to make the mistake of considering that, if the oxide 
rectifiers were perfect as rectifiers, all d’Arsonval gal¬ 
vanometers calibrated on a sinusoidal wave-form in 
terms of r.m.s. values would read correctly on any 
wave-form. This is not the case. It is interesting to 
find that a particular value of swamp resistance will 
impart a square law to the voltmeter. Mr. Ockenden 
has questioned whether an instrument is satisfactory 
when it is so constructed; it seems to me, however, 
that by carefully arranging the circuit resistance of the 
voltmeter it might be possible to produce instruments 
which would be independent of wave-form, on account 
of the exponent of the voltage being 2. Mr. Stevens 
mentioned the idea of applying potential transformers 
in association with rectifiers in order to raise the voltage 
applied to the d’Arsonval galvanometer above the 
difficult value of 0-4 volt. Some 3 years ago I designed 
two millivoltmeters which offer a resistance of approxi¬ 
mately 3 000 ohms per volt; this approaches closely 
the prevailing order-of d.c. sensitivity. They read as 
low- as 30 millivolts for full scale. It would appear 


473 


DISCUSSION ON THE PAPERS BY DR. HUGHES AND MR, SPILSBURY. 


that an extremely low-reading niillivoltmeter incor¬ 
porating a potential transforiher (which does not suffer 
from the faults we have heard of in connection with 
the current transformer) ought to be very useful for the 
measurement of switchgear contact-iesistances. 

With regard to Mr. Spilsbury’s paper, I count myself 
fortunate that when the author first conceived the idea 
of his form factor meter he got into touch with me, 
and the double instrument exhibited by him is a practical 
outcome of that early conference. That a new form 
has appeared, employing a vacuo-junction, is all to the 
good, because it substitutes for the relatively expensive 
second instrument a cheap vacuo-junction plus a switch. 
The only drawback which I see is the one which the 
author has mentioned, namely that at the time of taking 
the form factor reading one cannot be certain that the 
voltage has remained constant. No doubt since the 
operation of changing from vacuo-junction to oxide 
rectifier is by means of a push-button, the galvanometei 
also being damped, the time-lag is not a very real danger 
and one can always check that the voltage remains steady. 

££^0 vacno-junction was incorporated X. had in¬ 
tended to suggest that it might be an advantage to fit 
a reversing switch (since the dynamometer is not an 
astatic instrument), and one could take account of stray 
fields by orientating the instrument so as to be inde¬ 
pendent of them. In conclusion, I should like to mention 
that the freedom from error in the form factor indicator 
—obtained by cutting in and out practically the whole 
of the series resistance which controls the voltage 
is due to the fact that in scries with the rectifier instrument 
there is a fixed resistance of about 50 000 ohms. 

Mr. C. L. Lipman: I think that some designers of 
instruments have tended to apply the copper-oxide 
rectifier too indiscriminately. About 1930 Mr. Stevens 
approached me on the question of rectifiers, and I obtained 
some samples from him and made up a few instrument 
sets, which revealed the various difficulties and errors 
referred to in the paper. On the one hand I wish to 
defend the use of rectifiers, because I think they have 
great future possibilities, and on the other I wish to 
make an attack upon them. Certain manufacturers 
have put on the market recording voltmeters for use 
on power circuits; there is no justification for using 
rectifiers for this purpose. They often give trouble, 
and in this particular application there is no need for 
effecting a saving in volt-ampere consumption. What is 
needed in such instruments is accuracy. For sensitivity 
in connection with_ measuring instruments such as 
milliammeters and microammeters, however, and parti¬ 
cularly for radio work, I think there is a great field for 
rectifier-type instruments. 

Mr. G. R. Polgreen: In Section (2) of his paper 
Dr. Hughes gives the impression that the value of the 
circuit impedance is of great importance to users of 
rectifier instruments. It appears from his results, 
however, that unless the impedance is very low the 
error will be comparatively small. In practice rectifier 
instruments are nearly always employed in those circuits 
. where the available power is low, and in these circum¬ 
stances the total circuit impedance is in general 
considerably higher than the values given by the curves 
reproduced in the paper; hence the errors will be 


correspondingly small. In the early rectifier instruments 
the large temperature error was the chief disadvantage, 
and elaborate external arrangements were sometimes 
employed to keep the instrument at an even temperature. 
Such difficulties led engineers to avoid using these instru¬ 
ments except for those purposes where no alternative 
existed. Recent advances have reduced temperature 
and frequency errors to negligible proportions, and the 
remaining factor affecting the accuracy is the wave-form. 

If the user avoids very low-impedance circuits and takes 
precautions to ensure that the wave is not greatly 
distoi'ted from the sine form, we may truly say that these 
are precision instruments. Under such conditions this 
will apply to the numerous new applications of rectifier 
shunts, such as linear decibel-meters and the logarithmic- 
scale voltmeters and ammeters mentioned earlier in the 
discussion. In the large majority of practical applica¬ 
tions these conditions hold good, since approximate sine 
wave-form is now the rule rather than the exception for 
power-frequency purposes. Supplies of sinusoidal wave¬ 
form are also employed for testing purposes in the whole 
audio-frequency range, for which large numbers of 
rectifier instruments are now being used and are found 
to be accurate and reliable. 

Mr. W. L. Beck: X shall confine my remarks to Mr. 
Spilsbury’s paper. In connection with iroir testing, the 
main advantages of an instrument which reads form 
factor directly are that the speed of testing is greatly 
increased and the apparatus simplified by the elimination 
of the synchronous commutator and associated apparatus. 
Mr. Ockenden referred to the possibility of using an 
oscillograph for determining the form factor. In an 
application such as this, the time taken to resolve each 
wave-form into ordinates and square them in order to 
arrive at the form factor, is out of the question. 
Provided that the instrument is correctly calibrated, 
the errors of the single-unit instrument exhibited by 
the author will be of the same order as those mentioned 
in the paper, on any wave-form which is liable to be 
experienced in iron testing. The load which the instru¬ 
ment imposes on the secondary circuit is only of the 
order of 0-05 volt-ampere, and a simple correction 
can readily be made to allow for it in cases where it is 
not negligible. The author’s direct-reading form factor 
meter makes commercial iron-testing possible with rela¬ 
tively simple and portable apparatus. 

Mr. R. E. Swift: The paper by Dr. Plughes refers 
to the possible use of voltmeters for telephone work. 
A useful meter for this type of work is a 0 - 1 -volt instru¬ 
ment of high impedance. Unfortunately, it appears 
from the paper that the errors due to wave-form 
distortion are likely to be great with instruments of this 
low range, owing to the low series resistance which must 
be incorporated to obtain the necessary sensitivity. 
It must not be overlooked, moreover, that when instru¬ 
ments of this type are employed for telephone work 
they may occasionally be used for indicating voltage 
levels on telephone circuits. The readings may fluctuate, 
and it may be desired to take the average value of a 
fluctuating reading; the more sensitive microammeter 
movements are of very little use for this purpose, because 
of their lack of damping. The low-range voltmeter 
presents; rather a difficult problem in design, apart 



474 DISCUSSION ON THE PAPERS BY DR. HUGHES AND MR. SPILSBURY. 


from the difficulty in measuring separately the errors 
due to temperature, frequency, and wave-form distortion. 
If we compare Figs. 7 and 8 we find that with the same 
current and the same series resistance the 10-mA rectifier 
introduced the smallest error. It would be of interest, 
therefore, to know what errors are obtained with larger 
rectifiers, e.g. those rated at 60 mA. Mr, Ockenden has 
indicated that useful work may be done with rectifiers 
of this size in the low-voltage instrument range. In 
Section (4) the author indicates that when the exponent 
of the voltage remains in the vicinity of 2 over a large 
range, the instrument should be almost independent 
of wave-form. This, of course, is highly desirable, 
but unfortunately we find that in a 0-1-volt instrument 
it leads to a scale which is extremely cramped at the 
lower end. In telephone work a very important feature 
is the impedance of the instrument. It is desirable to 
keep the impedance as nearly non-reactive as possible, 
in order to facilitate the design of a suitable termination 
to a telephone circuit. This feature rather limits the 
manner in which one can correct for frequency, and it 
also indicates that the larger-size rectifiers may be of 
use here, because one can include with them a larger 
series resistance. Any information which the author 
can give of tests made on larger rectifiers would be of 
great value in connection with the work of designing 
low-range voltmeters. 

Mr. D. B. Affleck: Since the impedance in series 
with the rectifier has a marked effect on its accuracy, 
owing to the distortion of the wave by the rectifier 
itself, when an instrument is being calibrated it should 
be connected in a circuit whose impedance and impedance/ 
frequency characteristic are similar to those of the circuit 
in which it will be used in practice. There would appear 
to be considerable difficulty in calibrating a rectifier 
voltmeter for use at audio frequencies. Since in general 
the square-law relation between the current and voltage 
will not apply, it will be necessary to supply the rectifier 
with a sine-wave current. A filter will generally be 
inserted between the source of the current and the 
impedance across which the voltage is to be measured. 
The output impedance of the filter will affect the impe¬ 
dance in series with the rectifier, particularly as regards 
the harmonics, to which it will be reactive. As the 
presence of the reactance has this effect, the voltmeter 
will not read correctly if it is connected across a non¬ 
reactive resistance or across an impedance which differs 
from that across which it was calibrated. I should be 
glad to know whether the author can suggest any suitable 
means of calibrating which will reduce this error. 

Dr. L. Hartshorn: There is one small point of 
interpretation which arises in connection with Dr. 
Hughes’s measurement of the instrument resistance. 
His conclusion (4) states that the value of the effective 
resistance of the rectifier is lowered ■ by adding series 
resistance. I am prepared to accept his conception 
of the: effective resistance of the rectifier—^it seems to 
pae the obvious one for instrument work—but I would 
point out, in regard to his voltmeter-rammeter method 
of finding the effective resistance, that the effect of 
varying the resistance in series with the instrument is 
(as,; he explains) to alter its calibration factor as an 
ammeter. JWhen the resistance in series with the 


instrument is altered, the ammeter readings are therefore 
made incorrect. Even if the resistance of the rectifier 
were constant, it would appear to vary, if the procedure 
outlined in the paper were adopted. A calculation which 
I made on noticing this showed that the error introduced 
was in the other direction from the effect recorded by 
Dr. Hughes. I therefore support the author’s con¬ 
clusion that adding resistance to the instrument lowers 
its effective resistance, but I would point out that the 
change is greater than the values indicated in the paper, 
the maximum error amounting to about 20 per cent 
of the actual value of the resistance. 

Mr. R. Mines : Dr. Hartshorn spoke of the effective 
resistance of the rectifier being lowered ' by series 
resistance, and Mr. Best said he could not see how 
the physical resistance of the device could be affected 
by the value of the resistance outside it, even though 
this were connected in series. I agree with Mr. Best 
where the physical value concerned is the instan¬ 
taneous resistance; but perhaps Dr. Hughes, when he 
speaks of the effective resistance, is referring to a value 
obtained by dividing the r.m.s. voltage by the r.m.s. 
current. 

Mr. E. H. W. Banner {communicated ): Dr. Hughes 
is to be congratulated on bringing to light a number of 
points in connection with the use of rectifiers for instru¬ 
ments that had previously only been suspected. The 
effect of the rectifier on a circuit has not, I think, been 
fully considered before, and it appears to me that the 
use of such instruments in low-power circuits, usually 
considered to be one of their greatest applications, is 
incorrect even if sine-wave calibration in r.m.s. milli- 
amperes is performed. On the other hand, the fact that 
the reading on any wave-form is unlikely to be more than 
10 per cent in error from the r.m.s. value is of use for 
defining an accuracy limit. Can it be accepted that the 
reading on a rectifier instrument is not the true mean 
value unless the circuit resistance is very high? If the 
rectifier is used with a voltmeter the readings appear 
to be r.m.s. when the range is such that the scale follows 
a square law, and on this basis it would appear that the 
best accuracy is obtainable when the range and movement 
resistance are such that this scale shape is obtained. 
Is this the author’s conclusion also? For high ranges 
where the exponent x is unity, the calibration, if made 
in r.m.s. volts, is still subject to the usual form factor 
error. Actually, the total resistance is constant owing 
to the high swamp resistance, and the true mean current 
is read. Is it correct to assume that a shunted milli- 
ammeter which is independent of wave-form is possible 
if the voltage-drop is such that the scale follows a square 
law? Finally, it seems to me that the 1- and 6-mA 
rectifiers are superfluous, and that only the 10-mA unit 
is necessary. From this paper I have obtained useful 
information which will serve as a starting point for 
further research which I propose to undertake. 

Mr. N. C. Cordingly {communicated ): The use of 
rectifier instruments presents an extremely interesting 
problem to be investigated in the field of X-ray engineer¬ 
ing. An accurate milliammeter is used to measure the 
X-ray tube current, and this, for many technical reasons, 
has to be fitted in the high-tension distribution system 
to the X-ray tube. The t3rpical circuits employed in 
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X-ray high-tension equipment, together with their 
wave-forms, are shown in Figs. E and F. Fig. E 
illustrates the valve-rectifier circuits used- in radio- 
graph}^: Fig. E(i) represents a single-valve high-tension 
rectifier for voltages up to 150 kV with currents of 
2-200 niA, and Fig. E(ii) a 4-valve full-wave rectifier 
(bridge circuit) for 150 kV (peak) and 2-500 mA. Fig. F 
illustrates the condenser-and-valve-rectifier circuits used 
in X-ray treatments. Fig. F(i) represents the Villard 
circuit employing a, valve and condensers, a voltage¬ 
doubling circuit which will supply pulsating d.c. vol- 


read the true half-wave (rectified) current taken by the 
tube. Any charging current having alternating charac¬ 
teristics will not be indicated by the instrument. This 
method is not applicable to the other three circuits 
shown in Figs. E and F, since in every case alternating 
current is present at the centre of the secondary, 
thereby rendering the moving-coil instrument useless. 
The arrangement usiTally adopted, therefore, is a high- 
tension milliammeter in the feed to the X-ray tube. 
So far as the full-wave rectifier circuit shown in 
Fig. E(ii) is concerned, it would appear that a rectifier 





Fig. E.—Valve-rectifier circuits for radiography. 

(i) ISO kV (peak), 2-200 mA load. 

(ii) 100 kV (peak), 2-000 mA load. 


tages up to 200 kV (peak) and currents up to 8 mA. 
Fig. F(ii) represents the Greinacher circuit employ¬ 
ing two valves and condensers, a voltage-do'tibling 
circuit which will supply a constant-potential output 
to the tube of 200 IcV at 2-8 mA. The ideal method of 
control of X-ray equipment is to embody all measuring 
instruments and controls in a low-tension switchboard; 
this method is applied to the kilo voltmeter, which is 
calibrated in peak kV and connected to the primary 
side of the transformer. The milliammeter, ^ however, 
in the half-wave rectifier circuit shown in Fig. E(i), is 
connected to the centre jioiiit of the transformer secondary, 
which is virtually at earth potential. The milliammeter 
may therefore be fitted to the control 'switchboard. 
Furthermore, since it is a moving-coil instrument it will 


type of milliammeter might be connected in the secondary 
at its centre (earthed) point. There are, however, two or 
^ three difficulties which present themselves, and I should 
be glad to know whether the authors have any suggestions 
to put forward in this connection. The first difficulty 
seems to be that such an instrument would read not 
only the current taken by the X-ray tube, but also the 
charging and leakage currents of the high-tension system 
and transformer windings, especially if shockproof earth- 
sheathed cables were used. The second difficulty is that 
of the peculiar form factor, which in some cases may be 
worse than those referred to in Mr. Spilsbnry's paper. 
As regards the Villard and Greinacher circuits, is there 
any possibility of using the current-transformer method? 
Fig. G shows a typical graph of the X-ray tube current 
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X-ray tube 



Q 200 kV, 2-S roA, Villard circuit. 

[li) 200 kV, 2-S mA, Greinacher circuit. 


plotted against the filament heating current. As the 
latter is of the order of 4 amperes, would it be possible, 



Fig. G.—Characteristics of an X-ray treatment tube for 200 kV. 

by using a suitably insulated step-up current transformer, 
to employ a rectifier instrument which would indicate the 


tube milliamperes in terms of the filament heating 
current? Also, would the, fact that this circuit is 
common to the high-tension circuit affect the instru¬ 
ment reading ? 

Mr. E. W. Golding {communicated ): In connection 
with the determination by Dr. Hughes of the current 
through the rectifier when a sinusoidal voltage is applied 
(see Fig. 5) the graphical method illustrated in Fig. H 
may be of interest, since it shows fairly clearly what is 
happening in the rectifier circuit. The curve in the 4th 
quadrant represents a half-wave of the applied voltage, 
this being sinusoidal. The line OA in quadrant 2 
represents the resistance in series with the rectifier, 
while added to the voltage ordinates of the line OA 
are the ordinates of voltage across the rectifier corre¬ 
sponding to the various currents through it. By pro¬ 
jecting across from the 4th quadrant to the 2nd quadrant, 
and again from the 2nd and 4th quadrants to the 1st, 
the required current wave-form is obtained. Obviously, 
increase of the resistance in series with the rectifier will 
reduce the angle AOC and will cause the lower curved 
portion of the Une BO to have less significance in dis¬ 
torting the current wave-form. The author uses a 
thermo-junction J in series with a resistance R. for the 
measurement of the voltage across R (Fig. 10), and 
states that a quadruple reading on G, corresponds to 
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doubling the applied voltage. Since the resistance of 
J will vary with temperature, the accuracy of this state¬ 
ment appears to depend upon the relative values of 
the resistances J. These values are not given. 

The expression I = kV^ given in Section (4) means that 
the effective resistance of the rectifier circuit (as expressed 

by F/J) will be or ■ ^ If the index a; 

k^I ® 

is 5 (coi'responding to a very small value of R^, the 
expression for resistance becomes The index 

of I now agrees with the statement, made in Section (2), 
that the resistance of the rectifier varies approximately 
as (Current)but it seems that k must here be different 
from the k in the formula on page 454. In connection 
with the use of rectifiers with current transformers, 
since the readings of the rectifier ammeter give values 


copper-oxide rectifier that is impressed on the user is 
the change of impedance with the current. For example, 
consider a 6-mA rectifier having an impedance of 150 
ohms with 6 mA passing; this impedance may increase 
to 250 ohms with 2-6 mA, to 600 ohms at 1 mA, and to 
900 ohms at 0’5 mA. This change of impedance with 
current will greatly influence the scale shape of a low- 
range voltmetei'when the impedance of the rectifier is an 
appreciable part of the total impedance of the instru¬ 
ment. In general, however, this will only affect volt¬ 
meters of ranges below 10 volts. Above this, scales 
are linear and the temperature coefficient low_ or prac¬ 
tically negligible. When a copper-oxide rectifier with 
series resistance is employed to measure low voltages, 
care must be taken to choose a suitable size of rectifier 
and to operate this at a suitable current. In general 
1 the potential difference across the output side of the 


Volts 


2^-*^ quadrant 



of current which are less than the true effective value 
(see Figs. 2 and 3) some compensation could be obtained 
by reducing the turns ratio of the current transformer. 

Mr. W. Phillips {communicated ): I should like to 
make a few. remarks on the practical application ^ of 
copper-oxide rectifiers to instruments. On first reading 
the paper one is apt to gather the impression that 
copper-oxide rectifiers are liable to lead to a lot of trouble, 
but I would emphasize that when properly used they are 
exceedingly useful additions to the art of measuring 
small alternating currents and voltages. They are 
being increasingly employed in the voice-reproduction 
industry, where very small currents are used. As in 
many cases, especially for testing purposes, sinusoidal 
currents are employed, the rectifier milliammeter with 
its high sensitivity is a quite satisfactory instrument. 
In some cases the rectifier microainmeter is being 
employed in preference to the telephone as a detector 
in a.c. bridge networks. One of the peculiarities of the 


rectifier should not exceed 500 millivolts, otherwise the 
scale of the instrument will be contracted at the zero 
end, and the temperature coefficient will be appreciable 
and may even vary from one part of the scale to another. 
Rectifiers in conjunction with current transformers have 
been employed for some years past to measure current. 
The firm with which I am associated employ a special 
separating current ti-ansformer, usually in cascade with 
an ordinary switchboard current transformer, to measure 
current. This system is in use in the Midlands on a 
section of the grid, and is used to read current at a 
distance of some miles. The separating current trans¬ 
former and rectifier are placed at the transmitting end, 
and the indicator consists of a sensitive d.c. milliammeter. 
It must be noted that when, as in this case, the current 
in several feeders is read by transferring the indicator, 
care must’be taken to avoid open-circuiting the output 
side of the rectifier, otherwise this will be broken down 
and its rectifying properties destroyed. 
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The Authors" Replies to the Discussion, 


Dr. E. Hughes {in reply ): 

Effect of Circuit Impedance. 

Several speakers have stated that, in actual practice, 
error due to wave distortion is usually very small because 
the circuit resistance is generally high. I agree that 
a rectifier ammeter should only be used in circuits whose 
impedance is high compared with that of the rectifier. 
When, however, a rectifier milliammeter made and cali¬ 
brated by a manufacturer of repute is available, one is 
naturally likely to insert it indiscriminately in any kind 
of circuit, partly because of the more evenly-divided scale 
suggested by Mr. Ockenden, but also because of its higher 
overload capacity compared with a thermal instrument. 
It is therefore essential that the limitations of the rectifier 
instrument be thoroughly understood, otherwise they 
may be discredited merely because they have been 
employed under unsuitable conditions. 

Mr. Ockenden’s qualification concerning conclusion (2) 
is referred to in the paper, but he has made it clearer. 
It should be realized, however, that a 1-mA rectifier 
unit, when tested with direct current, has a resistance 
varying from about 5 000 ohms for 100 up to about 
30 000 ohms for 10 ^A, while the corresponding values 
for a 10-mA unit are about 3 000 and 11 000 ohms 
respectively. The temperature error was not discussed, 
for reasons given at the beginning of the paper. At the 
same time, it would not be inappropriate to confirm 
Mr. Ockenden’s remarks by pointing out that the tem¬ 
perature coefficient of resistance of a rectifier for the 
“ forward ” direction of the current is positive, whereas 
that for the "reverse” direction is negative. Further, 
at extremely low current densities the ratio of the 
" reverse ” to the " forward ” resistance is far smaller 
than at normal current densities; consequently, the ratio 
of rectification at very low current densities is more 
susceptible to temperature variation. 

Mr. Ockenden suggests that conclusion (3) is self- 
evident. Yes! it was anticipated; but in this investi¬ 
gation of copper-oxide rectifiers so many unexpected 
effects were obtained that it was felt desirable to have 
the experimental confirmation given by Fig. 9. 

Equivalent Resistance of a Rectifier. 

The use of the term "effective resistance” in con¬ 
clusion (4) has been referred to by several speakers. I 
believe it is made clear in the paper that this term refers 
only to the value observed when the rectifier is used in 
an a.c. circuit, and that the apparent discrepancies in 
the resistance are due to distortion of current caused 
by the rectifier. It is really obvious that when carrying 
a given direct current a rectifier has a certain resistance, 
and that this value is not affected by any resistance 
that is external to the rectifier. What is open to question, 
however, is the use of the term " effective ” in the way 
in which it is employed in the paper. Wlien we are 
dealing with an a.c. circuit possessing a resistance which 
varies as a function of the current, it is extremely diffi¬ 
cult to say what is the effective-resistance; even the 
definition suggested by Mr. Mines is not quite satisfactory. , 
- For instance, if a non-inductive resistance is connected 


in series with a full-wave rectifier across a sinusoidal 
voltage, the resistance obtained by dividing the r.m.s. 
value of this voltage by the r.m.s. current is not equal 
to the sum of the non-inductive resistance and the 
resistance obtained by dividing the r.m.s. voltage across 
the rectifier by the r.m.s. current. In other words, the 
resistance of a rectifier when calculated from the r.m.s. 
voltage and current varies for every change in the 
external resistance. Further, if the resistance of the 
rectifier is defined as the ratio of the r.m.s. voltage 
across to the r.m.s. current through the rectifier, the 
difficulty arises as to the measurement of that voltage 
when the rectifier is in series with a resistance, the 
potential difference across the rectifier being only about 
1 volt. 

When I was working on this question of equivalent 
resistance in the first instance, it seemed that the simplest 
and most definite procedure was to keep the mean current 
constant and vary the voltage and the external resis¬ 
tance; and I am glad to have Dr. Hartshorn’s support 
of this conception in the case of a rectifier. 

As to whether the effective resistance, interpreted in 
this way, should increase or decrease with increase of 
external resistance appears to be an exceedingly difficult 
matter to determine from theoretical considerations. 
Thus, if a sinusoidal voltage applied directly across a 
rectifier were to give a certain peak current, and if the 
voltage were then doubled and an external resistance 
inserted to give the same peak current, then the external 
resistance would equal the resistance of the rectifier when 
carrying that peak current and should be the same as the 
corresponding d.c. value. The introduction of the external 
resistance, however, has made the current less peaked, 
so that the average value of the current has increased. 
Consequently, in order that the mean current may remain 
unaltered, the external resistance has to be further in¬ 
creased. This, in turn, reduces the amplitude of the 
cuirent and therefore increases the minimum resistance 
of the rectifier. In addition to these reactions there 
is also the variation of the rectifier resistance between 
a very high value and the minimum just discussed, while 
the current is increasing from zero to a maximum. It 
would therefore seem that the most satisfactory pro¬ 
cedure is to fall back upon the experimental method 
described in the paper. 

Effect of Series Resistance in Rectifiers used with Voltmeters. 

Several speakers have , referred to the possibility of 
utilizing the square-law characteristic of the low-range 
rectifier voltmeter to measure effective values of non- 
sinusoidal voltages.. It is quite true that the error can 
be very considerably reduced compared with that of a 
linear voltmeter; but it must be remembered that, for 
a rectifier in series with a given resistance, the index 
varies for different ranges of current as shown in the 
Table on page 457. In replying to queries on this point 
I do not think I can do better than give results obtained 
on the 1-mA rectifier unit: referred to in the above- 
mentioned Table. The circuit was similar to that of 
Fig. 10, The reactance X was made very large'com- 
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pared, with R, so that variation of the latter did not 
appreciably vary the magnitude or the wave-form of 
the current through X. The effective voltage was 
measured on G, and the test was performed with Rg equal 



Fig. J.—00 ohms in series. 

O Alr-coro cliolic. 

X c;iQSod-iroii-coro dioke, 

• 22 (iV. 

to 60, 600, and 6 000 ohms respectively. Each of these 
tests was carried out with the following reactances: 
(i) Air-core choke to give sinusoidal current, (ii) closed- 
iron-core choke with 7-7 amperes having the wave-form 



Rectified current, milliampS- 
Fig. K.—600 ohms in series. 


With reference to Mr. Swift’s query concerning larger 
rectifiers, I regret that I have no information available 

Rectifier Instrument in Conjunction with a Current Trans¬ 
former. 

I am grateful to Mr. Ockenden for making it clear 
that JOg in expression (9) is the open-circuit inductance 
of the secondary winding when the flux density is the 
same as that under load conditions. The numerical 
value given on page 460 refers to this condition. In 
spite of the fact that is not a constant and that the 
alternating quantities involved in the above expression 
may not be sinusoidal, the latter seemed to be the 
most convenient in this case. Mr. Ockenden’s reference 
to the large core is incorrect; only a large is suggested 
in the paper, and with this he is in agreement. 

In reply to Mr. Stevens, it is true that a mumetal 



Rectified current, milliamps- 
Fig. L.—6 000 ohms in series. 

core is hot essential. It was used because it happened 
to be available and enabled a high value of to be 
obtained without recourse to a large number of secondary 
turns. 

General. 

Mr. Turner’s remarks are of great interest in showing 
that the selenium rectifier has now been developed to 
a stage where it can be used for measuring-instruments. 
I am grateful to Mr. Stevens for his historical survey 
and for dealing so fully with recent improvements of 
the copper-oxide rectifier. 

IVfr. Affleck refers to the calibration of rectifier volt- 


of Fig. 16(a), (iii) 22 p,F taking 1-7 amperes having the 
wave-form of Fig. 16(c). The results are plotted in 
Figs. J, K, and L, and show very clearly the effects of 
the various indices given in the Table on page 467. It 
will be evident that, even on very bad wave-forms, the 
rectifier voltmeter can be arranged to read the effective 
value fairly closely. At the same time, it is necessary 
to emphasize Mr. Ockenden’s warning concerning the 
temperature error under these circumstances. 


meters on audio frequencies. The voltmeters are pre¬ 
sumably for comparatively low ranges. If they are 
calibrated with sinusoidal currents as described, errors 
must inevitably appear when they are used to measure 
sinusoidal voltages. With such a method of calibration, 
the terminal voltage of the rectifier voltmeter must be 
distorted. Thus, Fig. M is a cathode-ray oscillogram 
of the voltage across a bridge rectifier when a sinusoidal 
current is passmg through the rectifier. An ammeter 
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was connected across the d.c. terminals, and for this 
particular oscillogram the current was about half the 
rating of the rectifier. It is of particular interest as 
showing that in the neighbourhood of zero current 
the voltage varies extremely rapidly, indicating that 
the corresponding resistance of the rectifier is very 
high. The same characteristic curve was obtained 
with rectifiers having different ratings. I would there¬ 
fore suggest that a better method of calibration 
would be to ensure a sinusoidal terminal voltage—^for 
example, by connecting the voltmeters across a con¬ 
denser in series with an air choke adjusted to give 
resonance. 

In reply to Mr. Banner, I would say that a rectifier 
voltmeter only reads the true mean value when its swamp 
resistance is very high, whilst a rectifier ammeter gives 
the mean value of the actual current wave, distorted 



Fig. M. 


though it may be by the rectifier. In both cases, how¬ 
ever, it is„ assumed that the ratio of rectification is high 
and that the wave passes through zero only twice per 
cycle. 

With reference to Mr. Cordingly's questions, a rectifier 
milliammeter used as in Fig. E(ii) would undoubtedly 
be useless for the purpose he has in mind, for the reasons 
he suggests. Also, the proposed use of a rectifier con¬ 
nected through a current transformer to the filament 
circuit does not appear to possess any advantage over 
the cheaper method of employing a standard current 
transformer in conjunction with a moving-iron ammeter. 

Mr. Golding’s graphical construction is very interesting 
and instructive. With reference to the possibility of 
the resistance of the vacuo-j unction varying with tem¬ 
perature, this was checked at the time the tests were 
made, and the change of resistance over the full range 
of current was found to be negligible compared with 
the total resistance of the circuit. This has been con¬ 
firmed by the Cambridge Instrument Co., who state 
that for the 50-mA vacuo-j unction—the type used in 
my experiments—the variation of resistance between 
zero and rated current is approximately -f O'-S per 
cent. I am grateful to Mr. Golding for drawing 


attention to the agreement .between the values of x in 
Sections (2) and (4). This was a point that I had 
overlooked. I also thank him for pointing out that k 
in Section (2) is not the same constant as k in Section (4). 

Mr. R. S. J. Spilsbury {in reply): With reference to 
Mr. Ockenden’s remarks, the oscillograph method of 
measuring form factor is, in my opinion, too laborious 
to be of much practical use—a view which, I observe, is 
shared by Mr. Beck. Further, there are few applications 
where an error of 1 per cent could be tolerated. Even 
where the actual wave-shape had to be photographed I 
should not make use of the oscillogram to determine the 
form factor. As to the choice between the synchronous- 
rectifier method and the use of the meter described in 
the paper, the former method has probably a slight 
advantage as regards general accuracy, and is free from 
error on re-entrant waves: on the other hand, the form 
factor meter has the advantages of cheapness and porta¬ 
bility, and is much less liable to accidental error in the 
hands of moderately skilled observers. Other points 
which have to be taken into account in the comparison 
are mentioned in the paper. 

I am not in agreement with Mr. Ockenden as to the 
cause of the error of the meter on rectangular waves of 
certain types, since the maximum error arises when the 
rectifier operates for virtually the whole active part of 
the cycle at a point where its efficiency is high. It wdll 
be seen from the Appendix that this error is reduced 
when the rectifier operates at an inefficient point for 
part of the cycle, and that even under these conditions 
the output of the rectifier is high, not low. 

Mr. Best mentions a later development of the meter, 
in which the dynamometer is replaced by a thermo¬ 
junction, so that a single galvanometer can be used both 
for setting the voltage and for indicating the form 
factor: this modification is due to Mr. W. L. Beck of the 
Cambridge Instrument Co. The damping of the direct- 
current galvanometer is so much better than that of the 
low-voltage dynamometer that the constancy of the vol¬ 
tage can be checked as rapidly with the single as with the 
double instrument, while the astaticism of the arrange¬ 
ment is of considerable advantage. The absence of 
change of error of the meter with change of series resis¬ 
tance is due partly to the high swamp resistance in series 
with the rectifier, and partly to the fact that the rectifier 
combination is shunted by the much lower resistance of 
the dynamometer circuit. 

I am glad to know that Mr. Beck considers that the 
meter will be of use for commercial iron-testing. 
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ELECTRODEPOSITION OF RUBBER.^' 

By D. F. Twiss, D.Sc. 

(Paper first received nth January, and in final form March, 1934.) 


Summary. 

Rubber latex consists normally of a suspension of minute 
negatively charged rubber globules in an aqueous serum. 
Under electrolytic stress, therefore, the globules tend to 
migrate towards the anode. 

By using anodes of suitable metal, e.g. zinc, or a porous 
diaphragm round the anode, it is possible to effect electro¬ 
deposition of the rubber. With suitable conditions, and 
using compounded latex, deposits are obtainable which can 
be dried and vulcanized. Commercial manufacturing pro¬ 
cesses have been based on this principle. 

The possible modifications in the conditions of electro- 
deposition permit numerous and interesting variations in 
the details of the procedure and of the results. 

The use of latex in this way obviates the customary need 
for the heavy machinery used in ordinary rubber manufacture 
and eliminates the preliminary milling treatment of the raw 
rubber, so that the mechanical properties of the product are 
correspondingly improved. 


Introduction. 

The electrodeposition of rubber makes use of the 
natural colloidal dispersion of rubber in water, i.e. the 
latex, in which form the rubber is primarily obtained 
from the tree. Such colloidal dispersions exhibit certain 
characteristic properties in general. 

The microscope reveals the fact that in a colloidal 
dispersion, e.g. of particles of the order of O'OOOlmm 
diameter, the individual particles are in a state of con¬ 
tinuous movement, vibrating and also translatory. This 
“Brownian" movement of such dispersions was finst 
observed in 1827 by a botanist, II. Brown, with certain 
pollen grains, but he demonstrated its non-vital character 
by observing it also in a dispersion of a portion of finely 
powdered Egyptian Sphinx. The smaller the particles 
the more active the movement, which indeed is of the 
same nature as the movement of the molecules of the 
surrounding liquid medium. 

Another feature of such suspended particles is the 
possession of an electric chai'ge relative to their liquid 
medium. In water the dispersions more frequently 
carry a negative charge, but not universally so. As the 
majority of such dispersions are electronegative and as 
the rubber in Hevea latex is no exception, consideration 
will be devoted mainly to this type. 

The electric charge has important consequences. It 
influences the stability of the dispersion by preventing 
direct collision between the moving particles; on neu¬ 
tralization of the charge, however, the dispersions tend 
to coalesce or coagulate. It also leads to migration of 

* The Papers Committee invite WTitten communioatioM, for consideration 
with a view to publication, on papers published in the Journal without being 
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the particles towards the appropriate electrode if an 
electrical stress is set up in the dispersion; the resulting 
electrophoresis, a well-known phenomenon, was observed 
more than 40 years ago by S. E. Linder and H. Pictonf 
with an aqueous colloidal dispersion of arsenic sulphide. 
Furthermore, the sign of the electric charge has a very 
important bearing on the nature of the coagulants 
effective with such dispersions. For a negative disjiersion 
—including Hevea latex—acids are powerful coagulants, 
their positive hydrogen ion being readily adsorbed by 
the negative colloid particles with consequent neutraliza¬ 
tion and coalescence or coagulation. Similarly in soluble 
coagulants of sahne character the positive metallic ion 
is the effective part of the molecule and is much more 
powerful the higher its valency. Soluble bivalent 
calcium or zinc, and particularly tervalent aluminium, 
salts are active coagulants for Hevea latex and other 
negative dispersions. It is necessary in processes of 
rubber manufacture using hitex to incorporate various 
compounding ingredients, e.g. zinc oxide, and in order to 
prevent coagulation of the latex by any acidic or soluble 
metallic impurities therein previous treatment or con¬ 
tacting of these compounding ingredients with an 
alkaline solution, e.g. sodium carbonate or ammonia, is 
; a customary precaution. ■ In any case, the addition of 
negative hydroxyl ions to latex increases the stability 
of the latter; and indeed for the -transport of latex in 
^ good condition from the East to Europe and America 
' a small proportion of alkali (either ammonia or less 
frequently potassium hydroxide) is invariably introduced 
on the plantations. 

Latex. 

Although rubber can be derived from several botanical 
sources, all the rubber latex marketed is derived from 
the Heveabrasiliensis tree, the source of “ Para rubber.” 
As received in this country the latex is generally dis¬ 
tinctly alkaline from the addition of ammonia (e.g. 0-5 
per cent) or potassium hydroxide (e.g. 1 per cent) for 
stabilization purposes. The particles of rubber are 
commonly pear-shaped, with a major axis generally 
between 0-0006 mm and 0-003 mm in length; the 
approximate specific gravities of the rubber and serum 
are 0-92 and 1-02 respectively. The character of this 
latex as a negative colloidal dispersion was revealed in 
1907 by V. Henri, who detected the Brownian movement 
of its rubber globules and their migration towards the 
anode as the result of the passage of an electric current, 
tlis results indicated the presence of about 200 millions 
of individual rubber globules per cm'® of latex of 35 per 
cent concentration. 

Some of the possibilities offered by the characteristics 

.f Journal of the Chemical Society, 18l>2,vol. Ql,Tp.U^. 
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discovered in these experiments were quickly appreciated. _ 
In 1908 a patent* was filed by T. Cockerill of Ceylon 
for the continuous separation of the rubber from latex 
(as an alternative to the ordinary coagulation methods 
for the production of plantation rubber) by electro¬ 
deposition on a moving anode, e.g. an endless belt 
covered with graphite, from which the rubber deposit 
was removed by a scraper. A somewhat less elaborate 
method for the production of plantation rubber from 
latex, based on a'similar electrical process, was described 
by T. S. Clignett of Java in 1913, a shapeless coagulum 
being obtained which was eventually sheeted or creped 
and dried. In neither case was the method developed 
to a commercial process. 

The application of the electrical properties of latex 
to the direct manufacture of shaped rubber articles was 
delayed until 1922 or thereabouts, when the possibility of 
producing shaped articles directly from latex by electro¬ 
deposition was demonstrated by P. Kleinf of Hungary 
and S. E. Sheppard and L. W, EberlinJ of the U.S.A, 

Since that time the process has been elaborated and 
a considerable number of modifications and imp^pve- 
ments together with a large number of patents for the 
general manufacture of rubber (and rubbered) goods 
from latex have been brought together under the Anode 
Rubber Co., and more recently under International 
Latex Processes, Ltd., which covers Europe and certain 
other parts of the world. In the U.S.A., the company 
known as American Anode, Inc., holds a similar control 
of electrodeposition processes for rubber. 

Electrodeposition Process for Manufacture of 
Rubber Articles. 

In its simplest form the principle adopted is to modify 
the character of the latex, e.g. by compounding, so that 
a stable dispersion is obtained, and to choose the working 
conditions so that on electrodeposition satisfactory and 
homogeneous shaped deposits are produced which can 
eventually be dried and vulcanized. The current 
densities applied are small, of the order of 1 ampere 
per square decimetre. 

There are two possible methods of procedure; in one 
the deposit is formed directly on the anode; in the other 
the deposit is formed on a porous diaphragm surrounding 
the anode and keeping the latter from contact with the 
rubber dispersion. 

(1) Preparation of the Latex. 

The necessary compounding ingredients, e.g. vul¬ 
canizing agents and pigments, are introduced into the 
latex generally in the form of finely dispersed powders; 
oils also are introduced in an emulsified condition. Such 
dispersions and emulsions are commonly prepared with 
the aid of protective colloidal substances such as gum 
arable, ammonium caseinate, or ammonium oleate. The 
presence of a small proportion of these substances effects 
a considerable increase in the ease of preparation and in 
the eventual stability of the dispersions. 

In such dispersions and emulsions the dispersed 
particles commonly have an electric charge of similar 
sign to that of the latex globule. This is of importance 

* Britisli Patent No. 21441. -j- Britisli Patents Nos. 223188, 223189. ■ 

; t United States Patent No. 1476374. 


in that otherwise their addition to latex would tend to 
mutual precipitation or coagulation. As will be seen 
later, it is perhaps of less importance for the electro¬ 
deposition process. 

When an electric current is passed through latex 
around a suitable anode, e.g. of zinc, the anode is not 
insulated by the rubber deposit which forms on it. The 
deposit is of porous rubber and is permeated by a con- 
Jsiderable proportion of the serum. Further deposition 
occurs, therefore, not on a metallic anode, but on the 
rubber deposit already formed on the anode (see Fig. 1). 
The deposition is, therefore, essentially not electro¬ 
phoretic but is efiected by cations, e.g. zinc ions formed 
at the anode and diffusing away under the electric 
stress towards the cathode. It is this feature which 
permits the building-up of rubber deposits of con¬ 
siderable thickness on the anode. The compounded 
rubber dispersion is kept well stirred, so that the electric 
current is not responsible for bringing the particles to 
the anode or anode diaphragm. The essential work of 
the current is to force and direct the migration of 
cations from the anode side of the growing deposit to 



Fig. 1. 


its exposed surface, so that the deposit continues to 
grow steadily by ionic coagulation. 

This method of formation of the deposit results in the 
latter having the various ingredients in the same pro¬ 
portion as the bath itself. The deposit is wet and may 
contain as much as 60 per cent of water, dependent on 
the experimental conditions. Under standardized con¬ 
ditions the proportion of water or serum will be constant, 
so that it is possible within limits to make use of water- 
soluble ingredients, e.g. accelerators of vulcanization, 
with a knowledge that they will be found in definite 
proportions in the eventually dried deposit. 

By making use of the electrical endosmotic flow of 
water or serum which occurs through such a porous 
deposit cathodewards, and of factors which are known to 
influence this (e.g. the flow, like the rate of electrophoretic 
migration of the suspended particles, is greater the lower 
the conductivity of the bath), it is possible to raise or 
lower the wetness of the deposits at will. If the deposits 
are too dry, however, the result is an undesirable rapid 
increase in the electrical resistance of the deposit, so 
that further deposition soon flags. 

(2) Deposition on Anode Diaphragm. 

For the production of hollow rubber articles it is 
possible to use a suitably shaped porous diaphragm (or 
former), e.g. unglazed clay, around the anode in order 
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to obtain a rubber deposit;* a wide range of articles 
such as rubber purses, pouches, and balloons, can thus 
be produced. 

The anode diaphragm or former contains an electrolyte, 
e.g. calcium chloride solution, in which the anode is 
situated; the compounded latex is contacted with the 
other side of the diaphragm and makes electric con¬ 
nection with the cathode either directly (see Fig. 2), or 
indirectly by way of a second porous diaphragm en¬ 
closing an electrolyte which wets the cathode. 

A particular advantage of this arrangement of deposi¬ 
tion on an anode diaphragm is that any anodic electro¬ 
lytic gases are liberated away from the deposited rubber 
and so cannot lead to its impairment by the inclusion 
of bubbles. Furthermore, there is a wide range of 
possible electrolytes for the anode space. 

The latter feature is important because, as has already 
been indicated, the electric current serves by expediting 
and maintaining the directed movement of coagulant 
cations, which in this case are pro^■•ided by the anodic 



electrolyte; the nature of the deposit can be influenced 
by the actual type of coagulant ion effective. 

The subsequent procedure is substantially the same 
in all modifications of the manufacture of rubber articles 
by electrodeposition. The deposit whilst still on its 
former may be dipped in a coagulant bath to increase the 
hardness of its exterior. It may be washed in water, 
the micro-reticular structure of the wet deposit per¬ 
mitting the removal (if desired) of soluble ^ materials 
from inside the mass. It is then carefully dried. Vul¬ 
canization may be effected either during drying or subse¬ 
quently. Furthermore, a latex may be used in which 
the rubber globules are already vulcanized, in which 
case a final vulcanizing operation may be unnecessary. 

The article may be stripped from the former at any 
convenient stage after drying, before or after vulcaniza¬ 
tion, and, in some cases, even before drying. 

For the production of ebonite articles or ebonite- 
coated articles the anode-diaphragm method is little 
suited. Customarily a deposit of ebonite quality (which 
in its simplest interpretation implies a proportion of sul¬ 
phur to rubber approaching 60 per cent) is produced on 
a surface on which it is to remain permanently; in other 
words, the anode itself is an article to be ebonite-coated. 

(3) Deposition on Anode. 

Whether the deposit is to remain permanently on i;he 
anode or is to be stripped therefrom, the need to prevent 
♦ British Patent No. 323189. 


concurrent liberation of gases at the anode constitutes 
a major additional problem. There are several methods 
for preventing this undesirable development, which are 
often used conjointly. 

The proportion of hydroxyl ions in the latex (and of 
other anions which on discharge at an anode tend to 
give oxygen) should be reduced to a minimum. For 
this purpose much of the preservative ammonia can be 
removed, e.g. by evaporation, by the addition of for¬ 
maldehyde (a neutral substance which, however, has the 
power of neutralizing ammonia), or even by dialysis.* 
The easy removal of the alkali is a distinct advantage 
of ammonia-preserved latex relative to latex preserved 
with mineral alkali. Direct neutralization with an acid 
is too delicate an operation to be attempted ordinarily, 
and almost inevitably causes coagulation. 

Another device of similar character is to ensure that 
electrolytes are present such as will give no gases, whilst 
at the same time having a lower decomposition potential 
and giving if possible useful products at the anode.f 
Soluble sulphides in small proportion are, therefore, 
acceptable. 

As another precaution the potential difference at the 
anode may be kept below that necessary for the libera¬ 
tion of gaseous oxygen. The most effective device is 
to use an anode of a metal which will be attacked at 
once by the liberated anions. Iron will suffice, but zinc 
or cadmium, particularly the former, is much more 
acceptable. If necessary, iron coated with zinc can 
be used as an alternative. The zinc not only prevents 
the decomposition of the discharged anions with libera¬ 
tion of gases, but also the products to which it gives 
rise (eventually zinc oxide) are desirable. The amount 
in any case is small. 

As explained earlier, strict electrophoretic deposition 
occurs only initially and is succeeded by ionic coagula¬ 
tion by metallic cations, e.g. of zinc, migrating from the 
anode cathodewards. Deposition may be continued 
under favourable conditions until a thickness of 1 cm or 

so is attained. , , 

Reduction of the proportion of electrolytes remaining 
in the latex bath not only decreases the tendency to 
gassing at the anode but also results in a greater weight 
of deposit per unit current. A dry weight of 3 g of 
deposit is obtainable per amp. per min. under good con¬ 
ditions, which is well over 1 000 times the rate of deposi¬ 
tion (cathodic) of zinc; this large difference is attributable 
mainly to the large size of the rubber globule in latex 
relative to the atomic magnitude of zinc. On account 
of the lower total voltage in metal-plating the advantage 
in the weight of rubber deposited per kWh is not quite 
so great. 

(4) Electrical Endosmose. 

Just.as the negatively charged particles in aqueous 
dispersion under electric stress tend to move to the 
anode, so a liquid in a capillary or capillaries of a solid 
(with a negative charge relative to the liquid) under 
electric stress tends to flow in the direction of the 

cathode. i j 

This phenomenon of electrical endosmose has already 

received mention as a factor in the proportion of water 

* British Patent No. 257SS5. t British Patent No. 246S32. 
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retained by the deposit of wet rubber on the anode or 
anode diaphragm in the electrodeposition of rubber. 
Electrical endosrnose can play a further useful role in 
the electrodeposition of rubber from its aqueous dis¬ 
persions. 

It is important to maintain the concentration of the 
dispersion above a lower limit of approximately 25 per 
cent, because below this the rate of deposition per unit 
of current decreases rapidly. A uniform working con¬ 
centration of 35-40 per cent is generally convenient. 
The deposits contain normally about 60 per cent of total 
solids. If the latex, compounded or otherwise, is con¬ 
tained in a permeable vessel, e.g. of unglazed clay, the 
cathode can conveniently be placed in a bath of suitable 
electrolyte such as dilute ammonia, surrounding the 
permeable latex container. When the current is passed, 
not only does electrodeposition take place on the anode 
(or anode diaphragm) but serum flows from the latex 
bath through the permeable wall of its container to the 
exterior space around the cathode; thence it can over¬ 
flow to waste (see Fig. 3). Under the practical conditions 



usually obtaining in the treatment of a 36-40 per cent 
dispersion of compounded latex, the removal of serum 
thus resulting from the latex bath compensates remark¬ 
ably closely for the anodic loss of rubber, etc., so that the 
concentration of the bath is automatically maintained 
constant. It is necessary only to replenish the bath with 
additional quantities of compounded latex as fast as it 
becomes depleted, so that the level is maintained. 

(5) Modifications of the Simple Procedvire. 

Many modifications can be introduced with respect 
both to the process and to the character of the products. 

By using as anode a metallic drum which rotates on a 
horizontal axis so that only the lower portion of its 
curved surface makes contact with the latex at any 
instant, a deposit is formed which can be removed as a 
continuous sheet of rubber, the stripped surface of the 
drum returning continuously to the bath. 

By a simple modification it would be possible to coat 
with rubber a long sheet of fabric moving at the same 
rate and brought against the drum at its entry into the 
latex. 

By using a zinc mandrel (or well-galvanized iron 
mandrel) of appropriate size, as the anode, inner tubes 
for motor tyres or cycle tyres can be produced by 
electrodeposition. 

If it is desired to form a permanent rubber coating. 


e.g. on door handles, handles of instruments, "dye 
sticks," spools for artificial silk, etc., the procedure 
generally will vary slightly according to the nature of the 
coating. If an ebonite coating is required no special 
modification is necessary, because the ebonite layer 
holds its place well and can even be produced direct on 
an iron or steel surface. If a soft rubber coating is to 
be applied it is advisable to coat the metal with a 
preliminary film of some special adhesive; this may be 
done by electrophoresis or by dipping; the deposition 



of the rubber layer is then effected, the remainder of the 
operations being as usual. 

Another elaboration of the anode process of producing 
rubber articles takes advantage, of the possibility of 
obtaining different thicknesses over different areas.* 
In the manufacture of articles such as a rubber boot 
or a bathing cap, certain areas can be separated by 
insulating strips so that different current densities can 
be used over them with corresponding local differences 
in the thickness of the deposit (see Fig. 4). 

It is also evident that to ensure uniform deposits 



over a surface the cathode must be of such shape and 
size as to give uniform distribution of current over the 
anode surface. Conversely, f if localized differences in 
thickness are required, the interposition of non-con¬ 
ducting screens or shields of suitable size and shape 
between the two electrodes will lead to the desired degree 
of reduction in the amount deposited without causing 
any ugly line of demarcation (see Fig. 6). 

An interesting example of the application of non¬ 
conducting areas so as to obtain arbitrarily distributed 
spots free from rubber is provided by the manufacture 

* British Patent No. 382359. t British Patent No. 296138. 





TWISS: ELECTRODEPOSITION OF RUBBER. 


485 


of the Charnaux rubber corset, which consists essentially 
of thin sheets of high-grade soft rubber with a very 
complex pattern of many perforations. To make the 
perforations by hand-punching would require many 
hours of careful and monotonous work. By effecting 
electrodeposition of rubber on zinc sheet anodes with 
short rubber pegs inserted where the perforations are 
required (see Fig. 6), it is possible not only to ensure a 
perfect reproduction of the pattern each time but also 
to produce two corset panels at a time—one on each 



side of the anode.* The deposits are formed to the 
necessary thickness in a few minutes; before removal 
from the zinc anode they are rinsed with water and can 
then be dried and vulcanized. 

It is possible to ring the changes in several ways on 
the manner of application of the electric stress necessary 
for electrodeposition of rubber. One interesting varia¬ 
tion of the orthodox method assumed above is to use a 
carbon anode, e.g. in the form of a filled unglazed pot 
of the type employed in a Leclanche cell, in conjunction 



with a zinc electrode, both being immersed in latex 
mixture to which ammonium chloride has been added.f 
On electrical connection being made externally, the 
current flows through the latex from the zinc to the pot 
contents, whilst the rubber globules are deposited on 
the zinc electrode (see Fig. 7). 

Direct current is necessary for electrodeposition of 
rubber, as with electroplating; but the special properties 
of aluminium render it possible with alternating current 
to use, in a bath of compounded latex, a combination of 
a zinc electrode and an aluminium electrode in which 

* British Patent No. 358012. t British Patent No. 2899G5. 


the latter acts as a rectifying cathode, and so obtain a 
normal anodic deposit of rubber on the zinc.* 

(6) Modifications in the Latex. 

Although it is advantageous for more than one reason 
to use preserved natural latex, artificial latex can be 
made and can be applied to the electrodeposition pro¬ 
cess.f By first incorporating a soluble soap or a fatty 
acid and an alkali (for the present purpose preferably 
ammonia), and then gradually introducing water, masti¬ 
cated rubber or reclaimed rubber can ultimately be 
converted into a dispersion or emulsion of rubber in 
water. Such artificial dispersions under present con¬ 
ditions are of little importance to manufacturing pro¬ 
cesses based on latex unless a softened rubber material is 
particularly required. The artificial latex can then be 
used alone, but more commonly it is added as a pro¬ 
portion to preserved natural latex. 

Another possible modification is the inversion of the 
electric charge on the latex globules. This can be 
achieved if the latex is rendered strongly acidic or if a 
solution of a multivalent cation, e.g. of thorium nitrate, 
is added; in both cases adsorption of the positive ions 
introduced leads to positive charges in the globules. The 
inversion of the charge is best attempted after the 
addition of appropriate protective colloids, e.g. haemo¬ 
globin or gelatin, which will be effective also in an acid 
medium, and also after substantial neutralization of the 
ammonia by the formaldehyde. Latex, so inverted, 
when submitted to electrolytic conditions shows similar 
behaviour to that already described, but migration is to 
the cathode.I Cathode deposition is effected preferably 
using a cathode capable of preventing concurrent libera¬ 
tion of hydrogen, e.g. a composite electrode of metallic 
lead and lead dioxide. 

It is possible by similar treatment of a porous unglazed 
container with a dilute solution of thorium nitrate or 
even of certain organic dyestuffs, e.g. malachite green, 
to cause inversion of the charge on the clay relative to 
the water so that the direction of electrical endosmose is 
reversed. Cathode deposition can therefore be coupled 
with anodic electrosmose. Such possibilities are at 
present of little practical importance, no advantage being 
found sufficient to outweigh the inconveniences; positively 
charged latex, however, has shown important advantages 
for certain applications outside the field of electro¬ 
deposition of rubber. 

In order to avoid any possibility of confusion which 
may reasonably arise elsewhere in descriptions of latex 
pi'ocesses, it must be mentioned that the term " anode ” 
process is now not always restricted, as it propei'ly 
should be, to electrodeposition processes, but is sometimes 
applied to processes based merely on controlled coagula¬ 
tion (e.g. using coagulant-coated formers), i.e. to ionic 
coagulation without any application of electrical current. 

Advantages of Electrodeposition of Rubber. 

The advantages of electrodeposition are of twofold’ 
character; some are dependent on the electric side of 
the process; others are attributable to the use of rubber 

* British Patent No. 336659. t British Patents Nos. 290107, .‘509630. 

t British Patents Nos. 381663, 334581. 
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in an unworked condition. The main advantages 
arising from the electrical side have already been indi¬ 
cated, Some of the advantages accruing from the fact 
that latex permits the production of shaped rubber 
articles, without the customary milling of the rubber, 
are as follows;— 

(а) The rubber escapes the weakening effect of the 
mastication process and the subsequent hot moulding, 
so that the final vulcanized product represents the sum 
of a number of positive contributions to the mechanical 
strength. The expensive heavy machinery of the 
ordinary rubber factory is eliminated, and the undesir¬ 
able " grain ” in calendered rubber is obviated. 

(б) The ease of incorporation of compounding ingre¬ 
dients renders possible the use of a selection and pre¬ 
paration of accelerators of vulcanization which would 
inevitably lead to pre-vulcanization or “ scorching ” at 
the temperatures of the ordinary dry mixing process. 

(c) On account of the low temperatures of vulcaniza¬ 
tion possible through (6), bright organic colours can be 
used which under ordinary vulcanizing conditions would 
suffer serious discoloration. 

(d) By vulcanization of the rubber deposits in an un¬ 
dried condition it is possible to get a micro-porous 
rubber product, especially micro-porous ebonite, having 
marked absorbent qualities which are of use for certain 
purposes, e.g. for diaphragms for electric batteries and 
accumulators. 

(e) The rubber is directly available for use in a fluid 
form without the need of mastication or of expensive 
and (generally) inflammable solvents, and the fluidity is 
greater than when such solutions are employed. 

Economic Relations Between Manufacture by 
Electrodeposition and by Older Methods, 

Electrodeposition has been proved to be a practical 
process for the manufacture of a very wide range of 
articles, including all-rubber goods and rubber- (or 
ebonite-) coated goods. Motor tubes, cycle tubes, 
pouches, rubber corsets, etc., have been manufactured 
in large numbers, as also have various ebonite-coated 
metal objects, and rubber-covered screens for sieving 
coke, etc. For such purposes as the last the abrasion 


resistance of the rubber exceeds that of a metal such as 
steel. The additional capacity of rubber (and ebonite) 
coatings for withstanding corrosion, electrical stresses, 
and vibration, is well known. 

Electrodeposition, and indeed any manufacturing pro¬ 
cess based on the direct use of latex, is at present 
capable economically of producing only relatively thin 
rubber goods, e.g. with solid layers of rubber less than 
1 cm thick. This is due in part to the diEflculties entailed 
in the eventual drying of thicker articles. Latex sponge, 
e.g. for upholstery, can of course be made in large blocks, 
but the rubber here is not solid and drying is thereby 
facilitated. 

Furthermore, the shipment of latex involves the 
transportation of a considerable proportion of water, 
and even if this dead weight is reduced by concentration 
on the plantations (e.g. by centrifugal separation of a 
fluid cream containing 60 per cent of rubber) the pro¬ 
portion of water is still considerable. In any case, 
therefore, the rubber in latex is at present rather more 
expensive than the standard forms of dry rubber, and 
any process of manufacture based on latex has to over¬ 
come this disadvantage. Where, therefore, a decision 
between a latex process and a dry process is to be based 
merely on cost the dry process will have the advantage; 
also the lower the price of raw rubber the greater pro¬ 
portionately will be the disadvantage accruing from the 
premium necessary on latex rubber. The successes of 
the latex process in general, therefore, are clear evidence 
of definite advantages in one or more of the following 
factors: (a) quality; (6) ease of manipulation; (c) economy 
of processing. 

Seeing that progress has been so rapid in a relatively 
few years it would be unwise to set any limit to the range 
of applications for which rubber in latex form and 
obtained by electrochemical treatment can be given 
serious consideration. Ideas which appear to be beyond 
the bounds of possible achievement may in a short time, 
as they have done previously, become practical realities.* 

* Most of the data with respect to processes based on the electrical charac¬ 
teristics of latex have appeared in the patent literature. Useful general sum¬ 
maries have been published by P. Klein {Transactions of the Institution of the 
Rubber Industry, 1928, vol. 4, p. 343), S. E. Sheppard and L. W. Eberlin (Indus¬ 
trial and Engineering Chemistry, 1925, vol. 17, p. 711), and C. L. Beal (ibid., 
1933, vol. 26, p. 609). 
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Summary. 

A brief survey is given of recent modifications in the construc¬ 
tion of gas-focused cathode-ray oscillographs, and some of the 
resulting improvements in performance are described. 

The authors then summarize recent work of other investigators 
which has a direct bearing on the subject matter of the present 
paper. 

A comparison is made of the electrostatic sensitivities obtained 
from simple electron dynamics and that found by experiment 
for two focusing gases, argon and helium; an explanation is 
advanced for the results obtained. 

The phenomenon,of origin distortion is next considered, and 
results are given showing its variation with gas pressure for 
hydrogen, and with the frequency of the deflecting voltage 
between 0 and 1-25 X 10® cycles per sec. for hydrogen, helium, 
and argon, as focusing gases. 

The dependence of gas focusing on the transverse speed of 
the electron beam is discussed, and photographs are given which 
demonstrate this dependence in the cases of hydrogen, helium, 
and argon. 

The paper concludes by indicating the practical importance 
of the results given. 
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(1) Introduction. 

One of the most noteworthy developments in electrical 
measurements during recent years has been the range of 
measurements which have been made possible by the 
use of the gas-focused sealed-off type of cathode-ray 
oscillograph. Excellent tubes can now be obtained, both 
in this country and abroad, at a moderate price and with 
a uniformity of performance which is approaching that 
of mass-produced thermionic valves. 

A better understanding both of the action of the 
Wehnelt cylinder and of gas focusing, has resulted in 
lower permissible gas pressures and more efficient 

* This paper is to be read and discussed at a meeting of the Meter and Instru¬ 
ment Section during the session 1934-1935. The principal parts of the paper 
formed a dissertation approved for the Degree of Master of Science (Engineer¬ 
ing) in the University of London, by J. A. Henley. 


production of the electron beam, with consequent 
improvement in the brightness of the fluorescent spot 
and diminution in spurious illumination of the screen 
and in the tube. 

In a paper by Dobkej- a description is given of the 
recently introduced A.E.G. type of indirectly heated 
cathode, by use of which the life of the tube has been 
greatly increased; this is due to the fact that the emitting 
surface is now almost completely shielded from the 
ionic bombardment which formerly caused its deterio¬ 
ration. 

Tubes made by Messrs. A. C. Cossor have been im¬ 
proved by the introduction of an anode extension to 
enclose the deflecting plates, thus largely shielding them 
from the. return space-current and stray charges on the 
glass walls; this has resulted in an improvement in the 
linearity of response and in a decreased deflector-plate 
conductance. 

Fluorescent screens have been greatly improved, and 
from the range of materials now available they can be 
constructed to suit many uses with difierent degrees of 
visual and actinic brilliance, and with after-glow of 
long or short duration. These improvements have been 
largely due to the work of Sir I-Ierbert Jackson and the 
staff of the British Scientific Instruments Research 
Association. 

A recent report of the Department of Scientific and 
Industrial Research'! should be consulted for a very 
complete and useful description of the modern oscillo¬ 
graph and its applications. 

Although, in comparison with mechanical oscillo¬ 
graphs, the moving part of a cathode-ray oscillograph 
is virtually inertialess, yet in connection with some 
measurements to which gas-focused oscillographs have 
been applied it cannot be assumed that a calibration 
made at one frequency will hold for another; or that the 
performance of the tube will remain unaltered over a 
wide range of deflecting frequencies; it is also incorrect 
to assume that the electrostatic sensitivity of the tube 
■will be that given by simple theory. 

The present paper is an account of a study of the 
connection between theoretical and practical electrostatic 
sensitivities and also the extent to which the performance 
of gas-focused tubes varies with deflecting frequency. 

The tubes used in this research employed the normal 
Cossor electrode structure, so that the results given are 
directly applicable to similar oscillographs. The helium- 
filled tube used was in every way a standard type, 
helium being the usual focusing gas. 

t See Bibliograpliy, (1). t Ibvl., (21. 
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(2) Summary of Recent Work of other 
Investigators. 

No results have yet been published to show the varia¬ 
tion of origin distortion with gas pressure, and, before 
the commencement of this research, no work had been 
published on the variation of sensitivity with frequency 
for gas-focused tubes. Since then, Hollmann* has studied 
the effect of very high frequencies on sensitivity due 
to the finite time of passage of the electrons between the 
deflector plates; this effect, however, only becomes appre¬ 
ciable at about 10® cycles per sec. Heimannf has given 
results for the sensitivity variation of tubes using the 
A.E.G. electrode structure and with hydrogen, argon, 
and xenon, as focusing gases at 0-10® cycles per sec. 

The variation of gas focusing with deflecting frequency 
has hitherto received little attention, although von 
ArdenneJ has dealt briefly with the effect, and the report§ 
referred to above contains a photograph illustrating 
variation of focus with transverse beam speed. 


(3) Comparison of Theoretical and Experi- 
•mental Sensitivities. 

Johnson, H when using a Western Electric tube, observed 
that the sensitivity which he obtained by experiment 
was considerably greater than that calculated by simple 
theory; he found that the difference was equivalent to 
a decrease in the accelerating voltage of about 50 volts. 
In a paper with which one of the present authors was 
associated,'^ results were given for a Standard Telephones 
4018A tube; and a practical sensitivity some 40 per 
cent greater than the theoretical was obtained. 

Since there is such a marked discrepancy between the 
accepted theory and actual measurement it is evident 
that there is some factor influencing sensitivity which 
is not accounted for in the simple theory. Some modifi¬ 
cations are required if this theoiy is to be applied to 
the oscillograph in its present form; alternatively, it 
may be possible to remove the cause of this discrepancy, 
after it has been discovered, by altering the design of 
the oscillograph. 

From the usual rough theory of electron deflection, 

Sensitivity = ■ ■ (^) 


where = axial length of deflecting plates (cm), 

Zg = distance from centre of deflecting plates to 
screen (cm), 

d ~ distance between deflecting plates (cm), 

V — accelerating potential difference (volts). 

The theoretical sensitivity is found by applying this 
expression to the electrode system of the oscillograph. 

With the Cossor electrode structure (shown in Fig. I), 
measurements of the distance between the deflecting 
plates after the assembly of the oscillograph are rendered 
difficult by the presence of the anode extension, which 
encloses the deflecting plates. It was considered 
unsuitable, however, to make measurements on the 
plates before mounting in the glass envelope, because of 
possible subsequent movement. It was therefore decided 
to apply two different optical methods to the complete 
oscillographs. 


* See Bibliography, (5). 

% Ibid., 0). % Ibid., {%). 


t Ibid., (6). 
Ibid., (3). TI Ibid., (4). 


Using an oscillograph with argon as the focusing gas, 
an X-ray photograph (Fig. 11, Plate 1) was taken, and 
measured by Mr. Holliday, of East London College, with a 
travelling microscope. The distance between the plates 
given by this method is certainly accurate to within 
1 per cent. 

A second oscillograph, containing helium,was measured 
directly by using a cathetometer focused on the deflecting 
plates through the fluorescent screen, employing direct 
sunlight as the illuminant; this gave the required distance 
to within about 2 per cent. 

In calculating the sensitivity, the electx'ostatic field 



Fig. 1. —Schematic section of the Cossor catliode-ray tube. 

(All dimensions in millimetres.) 

between the deflecting plates was assumed to be uniform, 
but an effective plate length was used which was greater 
than the actual length in order to take into account 
the fringing of the field. A sufficiently close approxima¬ 
tion to the effective plate length was obtained by using 
a well-known formula for the capacitance of a parallel- 
plate condenser; the effective plate length was thus 
■found to be 1 • 38 cm in place of the actual dimension 
of 1-30 cm, i.e. an increase of about 6 per cent. 

To obtain the practical sensitivity, deflections were 
measured with d.c. deflecting voltages for several anode 
voltages, and, by using the slope of each of the resulting 
voltage-deflection lines as the sensitivity for a particular 
anode voltage, errors due to origin distortion are 
eliminated. 




This difference can be allowed for most simply in 
practice by crediting the tube with an effective anode 
voltage which will give the actual sensitivity when 
used in equation (1). This effective voltage is given 
in Tables 3 and 4. 

With both tubes, the ratio of the theoretical and 
practical sensitivities is nearly constant, and therefore 
the effective anode voltage will be nearly proportional 
to the true anode voltage. 

Table 1. 

Argon-focused oscillograph; pressure 8x10“^ mni of 
mercury; d measured from an X-ray photograph; 
Zj^=l-38 cm, cZ = 0-496 cm; sensitivity from (1) = 
326/F mm per volt. 


Anode voltage 

Theoretical 

sensitivity 

Practical 

sensitivity 

Ratio of 
Practical to 
Theoretical 

volts 

mm per volt 

mm per volt 


300 

1-09 

1-47 

1-35 

500 

0-654 

0-84 

1-285 

700 

0-467 

0-6 

1-285 

900 

0-363 

0-47 

1-295 


Table 2. 


Helium-focused oscillograph; pressure 9'6xl0-® mm 
of mercury; d (measured by cathetometer) = 0-486 cm; 
= 1-38 cm; sensitivity from (1) = 336/F mm per volt. 


Anode voltage 

Theoretical 

sensitivity 

Practical 

sensitivity 

Ratio of 
Practical to 
Theoretical 

volts 

mm per volt 

mm per volt 

1-436 

300 

1-16 

1-65 

600 

0-67 

0-94 

1-40 

700 

0-48 

0-68 

1-42 

900 

0-37 

0-51 

1-37 


It is shown below that the abnormal practical sensi¬ 
tivity is due to a reduction in electron velocity in the 
tube and that this reduction occurs largely after the 
electrons have passed the deflecting plates. The use of 
an effective anode voltage, however (as in Tables 3 and 4), 
assumes that the whole velocity reduction takes place 
before the electrons reach the deflecting plates; thus 
though this method is purely empirical it has the advan¬ 
tage of simplicity in application. 

In calculating the theoretical sensitivity it was assumed 
that: (a) The electrons are initially accelerated by the 
full anode voltage. (&) The force exerted by the deflecting 
field is as given by simple electrostatic theory, (c) No 
force acts on the electron after it has left the anode. 
Since the beam passes through a small hole in the anode, 
and since effects due to gas are small, it may be assumed 
that all electrons fall through the full anode voltage. 
Also, from the linearity of response after origin distortion 
has disappeared, it is evident that the theoretical de¬ 
flecting field is acting on the beam; since the only 
possible cause of an abnormal sensitivity is the focusing 


gas, which would also cause non-linearity. It is therefore 
apparent that the increased sensitivity must be due to 
the action of a retarding force which acts on the beam 
after it has emerged from the anode hole. 

When one deflecting plate of a pair is connected to 
the anode, and a deflecting voltage is applied to the other, 
the mean potential of the plates with respect to the 
anode •will alter, and so the velocity of the electrons will 
change between the anode and the plates according to 

Table 3. 


Argon-focused tube; pressure 8x 10“'* mm of mercury; 
average effective anode voltage = 0-77 x actual anode 
voltage; average actual sensitivity = 326/(0 -7717). 


Anode voltage 

Effective anode 
voltage 

Difference 

Ratio of 
Effective to 
Actual 

volts 

volts 

volts 



222 

78 

0-742 


389 

111 

0-778 


544 

156 

0-778 

900 

695 

206 

0-772 


Table 4. 

Helium-focused tube; pressure 9-6 X 10“® mm of 
mercury; average effective anode voltage = 0-71 X 
actual anode voltage; average actual sensitivity = 
336/(0-71F). 


Anode voltage 

Effective anode 
voltage 

Difierence 

Ratio of 
Effective to 
Actual 

volts 

volts 

volts 

0-697 

300 

209 

91 

500 ’ 

357 

143 

0-714 

700 

493 

207 

0-706 

900 

657 

803 

0-730 


the value of the deflecting voltage; this additional 
accelerating voltage being approximately half the 
deflecting voltage.* This effect was negligible for the 
range of deflecting voltages used; thus the effect which 
causes the retardation imxst be due to a negative potential 
gradient encountered by the electrons between the 
deflecting field and the fluorescent screen. 

The authors consider that the presence of the retarding 
field is a consequence of the mechanism by which the 
beam electrons return to the anode. It seems certain 
that, as has been suggested by Bedford, t the beam 
electrons return to the anode largely by secondary 
emission from the fluorescent screen, and not, as had 
previously been supposed, entirely by interchange of 
electrons in the ionized gas. This latter theory is 
untenable with modern low-pressure tubes, since theie 
are not sufficient ions to neutralize the whole charge. 

The fluorescent spot may be regarded as the cathode 

t paper ^ MacGregor-Morris and H. Wright (see 

Bibliography, 4). 
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of a diode, the emission being excited by the impact of 
the primary electrons; the secondary current between 
this virtual cathode and the anode will depend upon 
the difference of potential between them according to 
the usual diode theory, although there will be slight 
modifications due to the presence of the gas. This 
secondaiy current must be equal to the beam current 
for equilibrium, so that the potential difference between 
the fluorescent spot and anode will depend upon the 
beam current. 

It is thus probable that the fluorescent screen will take a 
potential below that of the anode, the potential difference 
between them depending upon the beam current and 
the emitting characteristics of the fluorescent screen. 
This potential difference gives rise to the field retarding 
the primaiy electrons by acting upon them between the 
anode and the screen. In Cossor tubes this field is 
largely removed from the deflecting plates by the anode 
extension; it has been pointed out by Bedford* that 
this is shown by the reduction in deflecting-plate current 
which has resulted from using the extension, thus 
indicating that 90 per cent of the return space current 
is collected by the extension. With tubes which do not 
employ an anode extension the effect due to the reduction 
in velocity before the beam reaches the deflecting plates 
will also be small, since they are near the anode. 

The principal effect will, then, be due to a retarding 
of the beam electrons after they have left the deflecting 
plates. A calculation follows showing the magnitude 
of the screen potential necessary to cause the effects 
observed in Tables 1 and 2. 

Let V' = potential of fluorescent spot above anode 
potential (electrostatic units), and let i — time taken by 
an electron to travel from the deflecting plates to the 
screen (sec.). Since it would be difficult to make an 
accurate analysis of the retarding field acting on the 
beam electrons it has been assumed here that the field 
extends from the fluorescent screen to the anode and is 
uniform along the beam. Because of this, the results 
obtained must be regarded as an interesting analysis of 
the problem rather than an accurate estimate of the 
screen potential. 

e V' 

Acceleration along axis due to V' — - 

m Zg 

Initial velocity of electrons along axis = ^^2— 

Final velocity of electrons along axis = VC 2i(F+r)] 

Velocity of electrons perpendicular to axis 




h 

V[2£(F + Fo] - 

Ih-v] 

sj \ m ) 



Deflection 

E e 
d m 


_■\/( L + V') — Y F 

d FVL 

If 2 / = sensitivity, in cm per electrostatic unit (actual) ; 
y' — l-^^}[2'Vd) = simple theoretical sensitivity; 

^ — yly' = (actual sensitivity) / (theoretical sensi¬ 
tivity) ; 

then „ = 

■> F'VF 

and, on solving for F', we have 

V' = 4F(1 - a)/a2 


In Tables 5 and 6, values of Y' are given which are 
calculated from the values of y given in the third 
columns of Tables 1 and 2 respectively. 

Table 5. 

Argon-focused tube; pressure 8 x 10-^ mm of mercury; 
screen potential to give practical sensitivity as in Table 1. 


Anode voltage 

Screen potential, volts 
above anode 

volts 


300 

-235 

600 

-347 

700 

-488 

900 

-618 


Table 6. 

Helium-focused tube; pressure Q-AxTo-^mm of 
mercury; screen potential to give practical sensitivity as 
in Table 2. 


Anode voltage 

Screen potential, volts 
above anode 

volts 


300 

-263 

600 

-413 

700 

-688 

900 

-718 


♦ Loc, cit. 


The reason for the difference between the two tubes 
is not clear, but it is probably due rather to difference 
between the properties of the screens than to the nature 
of the focusing gas. It is hoped that, in a further 
investigation, it will be possible to determine the 
difference between the practical and theoretical sensi¬ 
tivities for several similar tubes; and also to make a 
direct measurement of the screen potential. 

An interesting effect which can readily be explained by 
the above theory is illustrated in Fig, 12 (Plate 1, facing 
page 496). As the anode voltage is decreased the second¬ 
ary emission falls off, and, since ■ the gas ions are not 
sufficient to neutralize the negative charge on the screen, 
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it will increase until at some threshold value the beam 
is entirely repelled from the screen. The tube used to 
obtain Fig. 12 had a rather poor screen with uneven 
emission; when a low anode voltage and a large beam 
current are used a local charged area forms on the 
screen as shown, and the beam spreads round it. This 
serves to illustrate one effect of a screen charge; such 
local charges do not form on modem types of screens, 
which function satisfactorily until at about 150 volts 
the fluorescent spot suddenly disappears from the screen 
completely. 

(4) Origin Distortion. 

The phenomenon of origin distortion in gas-focused 
cathode-ray oscillographs has been studied by many 
investigators.* In the present paper it is proposed to 
treat with two aspects of it only, namely its dependence 
upon the nature of the focusing gas under varying 
conditions of (a) the gas pressure and (b) the periodic 
time of the e.m.f. which is being recorded. 

(a) Dependence upon Pressure of Focusing Gas. 

In the path of the electron beam mid-way between 
the deflecting plates, positive ions and electrons will be 
formed by collision at a rate depending upon the efficiency 
of ionization of the gas by the electrons, and on the 
beam current. '"When a field is set up between the 
deflecting plates, the secondary electrons will tend to 
move towards the positive plate and the positive ions 
towai'ds the negative; the time of passage of either 
from the beam to the plate will depend upon their mass 
and the strength of the field between the plates. 

Since the mass of an electron is small compared with 
that of a positive ion, and since positive ions and electrons 
are produced at an equal rate in the path of the beam, 
there will be at any instant a greater number of positive 
ions than electrons remaining between the plates, and 
these will form a space charge which will diminish the 
resultant field between the plates—and hence the de¬ 
flection of the beam. 

As the deflecting-plate voltage is increased the time 
of passage of an ion to the negative j)late decreases, 
until the space charge between the plates is negligible, 
when origin distortion will disappear. Origin distortion 
will thus depend upon the rate of formation of ions in 
the path of the beam, which will be proportional to the 
gas pressure, and also upon the molecular weight of the 
focusing gas. The variation of origin distortion with 
gas pressure has been studied for hydrogen, although it 
gives a smaller origin distortion than other gases for a 
given gas pressure, because its pressure can more easily 
be altered by absorption by charcoal than is the case 
with the heavier inert gases. 

The oscillograph used was of the normal Cossor type 
with the exception that two side tubes were attached, 
one containing absorbent charcoal and the other fitted 
with a triode ionization gauge by means of which the 
pressure in the tube could be measured by the ion 
current indicated by a microammeter. The pressure 
in the tube was varied over a suitable range by altering 
the temperature of the charcoal. The ionization gauge 

* See Bibliography, (2), (S), (4), and (9). 


was subsequently calibrated against a McLeod gauge 
in the Research Department of Messrs. A. C. Cossor, 
and the pressures were found to be correct to within 
16 per cent. Two pairs of deflecting plates were used, 
and supplied at 60 cycles per sec. The shift along the 
axis to give each of the parallel lines shown in the plates 
was obtained by using a direct voltage, variable in steps, 
in series with one deflecting plate and the a.c. supply. 

The results obtained are shown in Figs. 13, 14, 15, and 
16 (Plate 1). In Fig. 13 the tube was very hard, and 
although origin distortion is not noticeable the focusing 
action of the gas was negligible. It was found that the 
trace tended to wander slightly on the screen, probably 
owing to stray charges on the glass. Fig. 16 was taken 
at about the optimum focusing pressure, while in Fig. 16 
the pressure is rather high for it to be possible to focus 
without varying the filament emission. Another plate 
was taken at8-5xl0-^ mm of mercury, but the contrast 
between the trace and the rest of the screen was so poor 
(because of secondary illumination) that the plate was 
too fogged to be of use. 

It would thus appear that in tubes using gas focusing 
the presence of origin distortion is unavoidable with 
simple electrostatic deflection, since it is caused by the 
gas ions to which the focusing action is due, unless 
special devices are used. 

(6) Variation with Electrostatic Deflecting Frequency. 

The resultant field between the deflecting plates for 
small deflecting voltages depends upon the rate of 
formation of positive ions between the plates and the 
time of passage of an ion from the path of the beam 
to the negative plate. If the deflecting voltage varies 
sufficiently rapidly with time there will be more positive 
ions present between the plates for a given instantaneous 
voltage than there would be with a steady voltage of 
the same value: in other words, the origin distortion will 
increase. 

If t sec. is the time of passage of a positive ion from 
the beam to the negative deflecting plate, and E is the 
deflecting voltage. 

For helium, 

elm = 7-2 X 10^® electrostatic units per gramme. 

(1-02/VjS) X 10-® sec. 

For argon, 

e/m = 0-72 x 10^^ electrostatic units per gramme. 
t = {10-2ly'E) X 10-® sec. 

For the sake of simplicity these times are calculated 
for the field strength assuming no ionic space charge; 
actually the field will be less and t greater; but the values 
of t given indicate the order of deflecting frequencies 
at which a variation in origin distortion will become 
apparent. 

It can thus be seen that gas-focused cathode-ray tubes 
will become less sensitive with increasing. deflecting 
frequency because of the inertia of the gas ions; the 
variation will vary also with the molecular weight of 
the focusmg gas. 

In order to obtain voltage/deflection characteristics 
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at- various frequencies, the connections of Fig. 2 were 
used, A simple single-valve oscillator was coupled to 
two plates of the oscillograph, the frequency of the 
oscillator being variable over a wide range by means of 



Fig. 2. —Connections for sensitivity measurements. 


plug-in coils. The peak deflecting voltage was measured 
by means of a “ slide-back ” valve voltmeter connected 
across the deflecting plates. Frequency error of the 



Fig. 3.—Flelium tube. 

= 300 V. 4 = 40M. 

voltmeter was avoided by shunting the grid circuit with 
a suitable condenser. 

The peak voltmeter was found to give readings of the 
Order of accuracy of the readings of deflection, which 
were made by means of a piece of’ millimetre graph | 



Fig. 4.—Helium tube. 



Fig. 6.—Helium tube. 
= 900 V. t= 160 ixk. 
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paper stuck on the end of the screen. Although the 
oscillator output was very nearly sinusoidal, any possible 
errors due to unsymmetrical half-cycles were avoided 
by measuring only the deflection due to the positive 
half-cycle, the peak of which was indicated by the 
voltmeter. ” Pick-up ” by the oscillograph direct from 
the oscillator was minimized by suitable spacing between 
them; loss in the leads was avoided in the same manner. 

Figs. 3, 4, and 5, show the results obtained for helium 
at a pressure of 9 • 6 X 10~* mm of mercuiy, while 
Figs. 6, 7, and 8, show the effect of using argon at 
8 X 10-® mm under the same conditions. Fig. 9 was 
obtained for hydrogen at 3 X 10~® mm, to show the 
decrease in the effect due to the use of this gas of lower 
molecular weight. Figs. 10a and 10b are replotted from 
the results for helium and argon for purposes of com¬ 
parison, and they readily show the eiTor which would 
result from using a calibration on direct current or low- 



(«) 300 V. (i) 600 V. (c) 900 V. 

■O-O - . Direct current. 

•X-X' - - - 1 260 kilocycles per sec. 


time would be unknown a calibration would be somewhat 
difficult. 

According to calculations by Hollmann,* the error 
introduced at 10® cycles per sec. by the finite time of 
passage of the electrons along the axis between the 
deflecting plates is only 0-02 per cent, so that, within 
the range which is considered here, variations of sensi¬ 
tivity with frequency are entirely due to the presence 
of the focusing gas. 

The present results for variation of origin distortion 
with frequency agree fairly well with those of Heimann.f 
although a ,less marked origin distortion is shown in the 
present results owing to the use of a-lower gas pressure. 
The authors do not agree with Heimann in finding a 
difference in sensitivity between direct current and 
60-cycle alternating current. 



Fig. 10b.—^A rgon: comparison of d.c. and 1 250-kilocycle 

characteristics. 

(a) 300 V. (b) 600 V. (c) 900 V. 

-O-O-Direct current. 

— X " X - 1 250 Idlocycles per sec. 


frequency alternating current for measurements made at 
1 -25 X 10® cycles per sec. 

A remarkable fact about some of these graphs is that 
an increased sensitivity is noticeable near the origin. 
The deflection appears to increase rapidly at first, then 
remain constant for the next increase in voltage, and 
next to merge into a uniform rise with voltage. This 
effect is particularly noticeable with helium, and masks 
the origin distortion to some extent. From the appear¬ 
ance of the fluorescent line when maldng these measure¬ 
ments it seems probable that this abnormally high 
sensitivity is caused by variation in the size of the spot 
due to failure of ionic focusing; the difference between 
the slopes of the characteristics in some cases may also 
be due to the same cause. 

From these characteristics it is evident that a d.c. 
calibration of an Oscillograph can be used up to 50 kilo¬ 
cycles per sec. but that considerable error will be intro¬ 
duced if measurements at higher frequencies are 
attempted. This, of course, applies also to the recording 
of rapid transients, except that since their periodic 


(5) Gas Focusing. 


Experimental work on this effect has been published 
by many investigators; it was first studied by Johnson,| 
and more recently work has been published by von 
Ardenne§ and Richter,jj Mathematical theories have 
been developed by Engel^ and Sclierzer.** In the 
present paper the authors give the results of an experi¬ 
mental study of the dependence of ionic focusing on 
deflecting frequency. 

As the electrons in the beam pass down the tube some 
of them will collide with gas molecules and, by removing 
electrons, form free positive ions in the path of the 
beam. If the transverse thermal velocity of the positive 
ions is sufficiently small they will remain in the beam 
for an appreciable time after formation and will attract 
the beam electrons radially inwards. Initial divergence 
in the beam, and subsequent divergence due to mutual 
repulsion between the electrons, can thus be neutralized. 

For a given initial divergence and electron velocity, 


* See Bibliography, (5). 

§ Ibid., (7). II Ibid., (10). 


t Ibid., (6). 

H Ibid., (11). 


t Ibid., (8). 
** Ibid., (12). 
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therefore, a definite density of positive ions is required 
in the beam in order to bring it to a minimum diameter 
at the fluorescent screen. The ion density in a stationary 
or slowly moving beam will depend upon (a) the beam 
current, (&) the gas pressure, and (c) the efficiency of 
ionization of the electrons. Variation of any of these 
factors will therefore afiect the focusing conditions. 

With regard to {a) and (&), the ionic density will 
evidently depend upon the beam current and the gas 
pressure, since these are respectively proportional to 
the density of the ionizing electrons, and of the gas to 
be ionized. As regards (c), the efficiency of ionization 
of an electron in a gas is defined as the number of positive 
ions formed per electron per centimetre of path at 
0° C. and 1 mm of mercury. The variation of the 
efficiency for the three gases hydrogen, helium, and 
argon, is given in Table 7 for various anode voltages. 
The values for hydrogen were obtained by Tate and 
Smith,* and those for helium by Smith.f 

From these values of the ionization efficiency it can 
be seen that to obtain a given ionic density with each of 
the three gases, differeirt beam currents would be neces- 


Table 7. 


Accelerating 

voltage 

EfHciency of ionization 

Hydrogen 

Helium 

Argon 

volts 




300 

2-03 

1 

8-6 

600 

1-4 

0-7 

6-2 

700 

1-09 

0>5 

4-3 

900 

0-9 

0-4 

4 


sary if the gas pressure and the anode and Wehnelt- 
cylinder potentials were the same in each case. 

RichterJ has worked with A.E.G. tubes, using fixed 
anode voltage and cathode-heater current with various 
focusing gases and pressures; he concludes that the gas 
pressure necessary for cori'ect focus depends upon the 
probability of ionization for the focusing gas. 

When the beam is suddenly moved to a new position 
in the gas it will take a finite time for the ion density to 
build up to the required value, this time depending, as 
has been indicated, upon the rate of formation of ions. 
If the beam has a continuous rapid transverse motion 
the ions will never build up the required density since 
the beam will constantly be changing its position in the 
gas, so that fewer electrons will travel along any one 
straight path. The focus of the beam will thus become 
less intense, since the beam will tend to focus beyond 
the fluorescent screen. At certain frequencies electrons 
will be drawn away from the beam by a column of ions 
formed along a line from which the beam has just moved 
by a little more than its radius; this probably accounts 
for the lengthening of the spot observed at some fre¬ 
quencies. 

Failure of focus will first occur in the part of the beam 
near the screen, since the transverse speed is gi'eatest 
here. The trace on the screen will then become pro- 
* See Bibliography. (13). f nU., (14). J Ibid., (10). 


gressively less sharp as the frequency is raised and the 
decreased. ion density spreads down the beam; the 
component electrons of the beam will then travel 
somewhat at random owing to the presence of stray 
positive space charges. 

It can be seen in Figs. 17, 18, and 19 (Plate 2) that 
above 200 kilocycles per sec. the quality of focus does not 
vary much with frequency. Argon retains a much sharper 
focus at high frequencies than either helium or hydrogen, 
which behave similarly, hydrogen being rather the better 
of the two. The decreased intensity of the trace is due 
to the smaller density of bombardment of the fluorescent 
material at the high writing speed. 

When the beam current is increased the ion density 
increases and the focus becomes sharper, as is seen in 
Figs. 20, 21, and 22. The end of the trace in each case 
continues to be irregular; and in obtaining the sensitivity 
measurements (given in the previous section) by reading 
to the end of the trace, a different focusing condition 
is necessary to give the optimum end sharpness from 
that shown in the photographs indicating the best line 
sharpness. 

Figs. 23 and 24 show the effect of decreasing the 
frequency when the focus is fixed at the optimum for 
1 260 kilocycles per sec.; the beam then focuses before 
reaching the screen. 

Thus it will be clear from these photographs that the 
tube requires refocusing every time a change is made in 
the deflecting frequency, once this frequency is high 
enough to cause an appreciable decrease in the ion 
density in the beam. 

These results do not agree with the observation by 
von Ardenne* of a greatly increased frequency range 
when using hydrogen instead of argon. 

(6) Conclusion. 

The actual electrostatic sensitivity of a gas-focused 
cathode-ray oscillograph is about 30 per cent higher 
than that calculated from simple theory, the difference 
being possibly due to the effect on the beam of a negative 
charge on the insulated fluorescent screen. 

It is evidently desirable to modify the design of gas- 
focused oscillographs by lining the inside of the glass 
envelope, including the fluorescent screen, with some 
form of conductor and anchoring its potential. The 
principal advantages resulting from this would be: 
{a) An increased brightness of the fluorescent figure. 
(&) Ability to operate the tube at a lower anode voltage 
when a higher sensitivity is required, (c) Certainty as to 
the actual sensitivity of the tube, (d) Complete isolation 
of the tube from external electrostatic fields. 

Origin distortion necessarily accompanies the use of 
gas focusing when deflection is effected by means of simple 
condenser plates. For a given degree of focusing the 
origin distortion at low frequencies is independent of 
the nature of the gas used, since the focusing and the 
distortion depend upon the same properties of the gas. 
A considerable increase in origin distortion occurs at 
deflecting frequencies above 50 kilocycles per sec., and 
this increase depends upon the atomic weight of the 
focusing gas. The advantage of using a light focusing 

* See Bibliography, (7). 
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gas to obtain smaller variation of sensitivity with fre¬ 
quency is clearly shown by the measurements described 
in this paper. 

The three gases tested are placed in order of ionization 
efficiency with regard to quality of focus at high deflecting 
frequency, argon being better than either hydrogen or 
helium. It is evidently possible to compensate largely 
for the loss of focus by suitable increase of the beam 
current, although when this has been done the ends of 
the trace are still irregular. 

This research has been rendered possible largely 
owing to the fact that Messrs. A. C. Cossor, Ltd., have 
extended many facilities to the authors, who are glad 
to record here their thanks. To Mr. L. H. Bedford the 
authors wish to express their warmest thanks for many 
helpful suggestions and for the trouble which he has 
taken in preparing the special tubes required in the 
course of this research. 
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Fig. 14.—Flydrogen tube. Pressure 2 x 10—* mm of mercury. 
Focus improving as origin distortion increases. 


Fig, 11.—X-ray photograph used for measure¬ 
ment of distance between deflecting plates. 


Fig. 12.—Appearance of an a.c. deflection 
line when a local negative charge lias 
formed on the fluorescent screen with 


Fig. 15.—Flydrogen tube. Pressure 2 X 10“® mm of mercury. 
D.C. steps ± 5, 10, 15, 20, 30. 


a low anode voltage. 



Fig. 13.—Hydrogen tube. Pressure 8-5 X 10“® mm of mer- Fig. 16.—Flydrogen tube. Pressure 6 x 10 ® mm of mercury, 

cury. Showing loss of focus with disappearance of origin D.C. steps i 5, 10, 15, 20, 30. 

distortion. 













Plate 2. 


[Note.- 


-In Figs. 17 to 24 the numbers above each Figure denote the deflecting frequencies in kilocycles per sec.] 
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Fig. 17.—Hydrogen-focused tube. 
I == 35 /tA. E = 500 V. 


Fig. 20. —Hydrogen-focused tube. 
I = 35-56 ^A. E = 500 V. 
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Fig, is.— 1-lelium-focused tube. 
I = 42 ^A. E = 600 V. 



Fig. 21.—Helium-focused tube. 
I = 42-104 fiA. E = 500 V. 
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THE INHERENT INSTABILITY OF SYNCHRONOUS MACHINERY.* 

By J. C. Prescott, D.Eng., Associate Member, and J. E. Richardson, Ph.D., Graduate. 

[Paper first received Isi August, and in final Jorm 5th December, 1933.) 


Summary. 


List of Symbols— continued. 


An instability in synchronous machinery -which cannot be 
assigned to variations in the load torque or driving torque 
is frequently experienced. This instability was shown by 
Hopldnson to be due to a negative damping coefficient which 
can, under certain circumstances, exceed the positive damping 
inherent in the machine and apparatus to which it may be 
connected. If this condition be achieved then any displace¬ 
ment from the normal running position will result in a sinu¬ 
soidal vibration (about this position), increasing exponentially, 
until the machine either falls out of step, or (the coefficient 
of negative damping becoming modified by the efiects of 
increasing displacement) settles down to a steady oscillation. 

In the first part of this paper the work of Rosenberg and 
Kapp is recapitulated to demonstrate the possibility of 
harmonic vibrations (about the normal running position) of 
alternators working in parallel. An expression is next 
derived for the damping coefficient of a synchronous machine 
in which the cross-magnetizing and demagnetizing coefficients 
are equal, and in which no damping grids are fitted. _ Some 
of the effects of armature reaction are ignored in this case. 
The conditions for instability are investigated. 

The theory is next extended to the case of a machine 
having unequal coefficients of cross-magnetization and 
demagnetization, and the effects of armature reaction are 
considered in greater detail. An expression for the damping 
torque is derived, and the conditions for negative damping 
are again investigated. 

Damping grids are then assumed to be fitted to the poles 
and in the interpolar spaces of the unsymmetrical machine 
last considered, and an expression for the damping torque 
is arrived at in which the armature resistance is as a fimt 
approximation neglected. This expression is compared with 
the torque equation of an induction motor to show how, upon 
analogy, the resistance of the grids for a damper of given 
performance may be calculated. An expression is also 
derived by which the negative damping due to the armature 
resistance may be assessed. 

In the section of the pajier devoted to the consideration of 
experimental work, measurements are described which were 
undertaken to confirm the formulm obtained from mathe¬ 
matical analysis, and it is shown that fairly good agreement 
can be obtained between the measured and calculated magni¬ 
tudes. 

The Appendices are concerned wi-fch the further elucidation 
of certain points in the mathematical treatment, and with the 
consideration of the positive damping inherent in synchronous 
machines, and in certain types of apparatus to which they 
may be mechanically connec-fced. 


List of Symbols, 


jE 7'= effective voltage per phase. 

E — maximum voltage per phase (in Appendix III 
= d.c. armature voltage). 


* The Papers Committee invite written communtetions, for oonsideraUon 
with a view to publication, on papers published in the 
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I[ = effective power current per phase. 

— maximum power current per phase. 

J 2 = effective wattless current per phase. 

In — maximum wattless current per phase, 
and in Appendix III = components of fluctuating 
armature current in d.c. machine. 

(J)^ = maximum flux linkages per phase. 

= instantaneous value. 

K = flux linkages (excluding leakage) produced per 
phase in the coils encircling the polar axis 
for unit wattless current in all phases, (In 
Appendix III=slope of magnetization curve.) 

A = flux linkages (excluding leakage) produced per 
phase in the coils encircling the interpolar 
space for unit power current in all phases. 

la = leakage-flux linkages per phase of the arma¬ 
ture, for 'unit armature current (armature 
leakage self-inductance). 

La = total flux linkages (including leakage) in the 
armature about the polar or interpolar axis 
for unit current encircling these axes (polar 
and interpolar self-inductance). (In Appen¬ 
dix III = self-inductance of d.c. armature.) 

Ln, Ls, Lx in Appendix III == self-inductance of shunt 
field, series field, and external circuit, of a 
d.c, machine. 

L, L = leakage flux linkages per pole per phase of 
the polar and interpolar dampers respec¬ 
tively for unit current in the dampers 
(damper leakage self-inductance). 

Ln, Lg = total flux linkages per pole per phase of the 
polar and interpolar dampers respectively 
for unit damper current (damper self¬ 
inductance). 

Ea = ohmic resistance of armature per phase (in 
Appendix III = resistance of d.c. armature). 

E , Eq = ohmic resistances of polar and interpolar 
dampers per pole per phase. 

En, Ej, Bxi Appendix III = resistance of shunt field, 
series field, and external circuit, of a d.c. 
machine. 

N — number of armature turns per pole per phase 
(the damper winding is assumed to have 
1 turn per pole per phase). 
n — number of phases on alternator. 

_ speed of rotation, in revolutions per sec. 

S = speed of rotation, in radians per sec. 
w == 27r X (frequency of supply). 

O = 27r X (frequency of phase swing), 
u ~ linear velocity of turbine blades (Appendix IV). 
■u == steam velocity (Appendix IV). 
a — nozzle angle (Appendix IV). 
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List of Symbols — continued. 

6 — angular displacement of rotor, in mechanical 
radians. 

T = periodic time. 

Ti = total damping torque. 

~ damping torque for unit angular velocity. 

Tg = synchronizing torque for unit angular dis¬ 
placement. 

I = moment of inertia, in kg-m^. 
m = mass of steam per sec., in kg (Appendix IV). 
g = 9-81 metres per sec. per sec. 

X = equivalent armature reactance. 

All flux linkages are measured in units of 100 megaline 
turns. A “ power ” current is taken to be in phase and 
a "wattless” current in quadrature with the e.m.f. 
generated by the field flux. 

Conventions as to Signs. 

For a generator, is positive; 1^ is positive for a 
lagging current and negative for a leading current. 

For a motor, is negative; Jg is positive for a leading 
current and negative for a lagging current. 

A damping torque which opposes motion is considered 
to be positive. 

Introduction. 

The stability of synchronous machines, as affected 
by a periodic impulse externally imposed, was investi¬ 
gated by Rosenberg* and by Kapp,t who, by an approxi¬ 
mate calculation, showed the effect of resonance between 
the natural free period of a machine and the periodic 
time of the impulse. They demonstrated the fact that 
parallel operation would be difficult or impossible if 
this condition of resonance existed, and designated the 
operation “ unstable ” in these circumstances. 

In 1903, HopkinsonJ developed more accurate formulae 
for the natural free period of an alternator, in which he 
took account of armature reaction. Tie treated the 
problem of instability due to resonance, but also demon¬ 
strated that instability might occur even without the 
external periodic impulse (if certain conditions were 
fulfilled), owing to negative damping, which, he showed, 
might exist in synchronous machines. This phenom¬ 
enon was again discussed by Dre 5 dus§ in 1911, and 
quite recently by Wennerberg.[| 

The solution of the problem involves a rather elaborate 
mathematical treatment, but in view of the possible 
troubles that may arise when interlinking is undertaken 
on a large scale, and when S5nichronous motors are used 
in timing devices, the present authors have been encour¬ 
aged to develop a modified theory, and, gleaning in the 
field reaped by Hopkinson, Dreyfus, and Wennerberg, 
to re-state the problem, with the help of such formal 
mathematics as is in general use among engineers. 

Approximate Theory: The Possibility of 
Simple Harmonic Vibrations. 

The theory, in its simplest form, first considers the 
retarding torque brought into operation when the rotor 

* Journal I.E.E., inOO, vol. 42, p. 524. 

t “Dynamo-electric Machines lor Direct and Alternating Currents.” (J. 
Springer, Berlin, 1904), p. 401. ' 

J Proceedings of the Royal Society, 1903, vol. 73, p. 236. 

§ Schweizervsehe Elektrotechnischer Verein Bulletm, 1926, vol. 17, p. 295. 

II A .S.E.A . Journal, 1929, vol. 6, p. 61. 


of an alternator (or synchronous motor) is displaced 
forward from its normal running position by an angle d. 
The angular displacement of the vector of back-e.m.f. 
E' is assumed to be equal to the angular displacement of 
the rotor multiplied by the number of pole pairs p, 
on the machine, in which case, if d is small, the extra 
voltage E'p9 is available for circulating the synchronizing 
current. Since the resistance of the armature windings 
is small compared with their effective reactance, this 
current is nearly in quadrature with E'p9 and thus in 
phase or antiphase with E'. 

Thus the synchronizing power is given by Ps—E'^p9lX 
watts per phase, where E' = open-circuit e.m.f. (phase) 
and X — equivalent reactance in the path of the synchro¬ 
nizing current. The synchronizing torque for a machine 
having n phases and working on a supply of frequency 
/ is given by 



nE'^p^ 

27rfgX 


9 kg-m. 


which is directly proportional to 9. 

Since the rotor possesses mass, the criteria for simple 
harmonic motion are satisfied, and the equation of 
motion will be 


whence 


9 — 9q cos {Clt T c) 


( 1 ) 

( 2 ) 


where ^ = V(T^.^/!), 9q and e are constants, I = moment 
of inertia of the machine in kg-m^, and T® = nE'^p^j{2TTfXg) 
kg-m; from which the natural free period is obtained in 

the form T = 27rV[l/(Tsr/)] seconds. Thus if an ex¬ 
ternal impulse of a periodic time approximating to 
this be applied to the machine, partial resonance will 
occur, and the operation will be unstable. 

The approximate theory demonstrates the possibility 
of the occurrence of simple harmonic vibration in the 
rotor of an alternator, but the theory is incomplete in 
that it neglects the effects of damping and some of the 
effects of armature reaction. 


Extended Theory. 

Case 1.— The Damping Coefficient of a Symmetrical 
Machine.'^ 

Let it be assumed in accordance with equation (2) that 
the rotor, after an initial disturbance, executes simple 
harmonic vibrations which can be represented by 
9 — 9q cos Qt, where 9q — maximum angular displace¬ 
ment (radians), and Q = 27r X (natural frequency of 
alternator). Let the armature current be given by 

i — — cos cot — Jg shi cot 

where co = £77 X (frequency of supply), and the flux 
linkages in the armature coils in units of weber-turns 
(1 weber =100 megalines) are O per phase in the state 
of undisturbed motion; also O = b^ing the 

maximum value of the flux linkages. 

If the rotor has one pair of poles and is deflected by 
the angle 9, then the flux linkages in the disturbed state 
will be given by 0^ = sin (cot -T 9). If 9 is so small 

* A machine in which k = X. 
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as to make sin 66 and cos d ^ I, the increment of 
flux due to the disturbance will be 

8(1)=:=: 0(I>o 

= -|0o<&q[cos (a> -I- £l)t + cos (co — Q)i5] 
and the voltage per phase generated by this flux will be 
Sv = - d0(^)ldt 

— S' S" + (u) O) sin (co Q)^] 

The current which will circulate due to this voltage 
will be 


3^- _ + Q) sin [(o) + Q)t — g] 


+ 


(co — Q) sin [(co — 0)i — 




-) 


where 

= [JJI + i5(a> + U)"?, ^2 = K + 4(0. - Q)"]*. 

cos a = RalZy and cos jS = RalZ^- 

Ba and La are respectively the resistance and self¬ 
inductance* in the path of the current. 

This composite current may be split up into four 
parts: thus 

i[ = •|<I)o(9o ^ cos a sin (co + 0)^J 
in phase with and 

in quadrature with it; and similarly for the currents of 
the lower frequency, and 

Thus Si: may be written Si = 4 "h where 


OJ -f H sin cos (co -H Qji 


i{ + H 


l%OoRa Sin (coo^a)t-\-'^^ sin (co-O)i 


CO—Q 




■>% 


and 

= — 


(cO-f-Q)^ , , \ , p.,, 

;g-h COS (co -I-0)i5-I -—cos(co—Q)i 


L 


^2 


Expanding the trigonometrical functions, and rearrang¬ 
ing, we may write 

/ 

Si — A cos coi sin Oi -|- A' cos cot cos Oi 

+ B sin cot sin Q,t B' sin cot cos Qfi 


If terms in 
be neglected, 
in comparison 
with those in 


where A = ^doRaQiRl - lW)IZ\ '- 
A' = - %d^LaCo‘^(Rl +lI(o'^)IZ^ 

B = 2%doRlLaCoaiZ^ 

B'^%eQRaOo{Rl-VLlco^)IZ^ 
and Z^ == rI + lIco?. 

* Thus La = [la + x) = {la + «), for, as pointed out by Hay {" Alternating 
Currents,” p. ISl, footnote), the effective reactance of an alternator is prac¬ 
tically the sum of the leakage reactance and the apparent reactance due to 
armature reaction. 


Calculation of torque .—The torque* of asynchronous 
machine, in kg-m per phase, may be written 


T. 


cZ<I) 


9-81 dijs 


• (3) 


where i is the phase current, which is assumed to remain 
constant while the flux linkages in the armature coils 
are increased by an amount S(I> owing to an angular 
displacement Si/f of the field system. 

The torque in the steady state is therefore 


d 




d(cot) 


cI)q sin cot 


and, in the disturbed state. 


Ta, = - (if- hi) 


, d[ Op sin (cot -f d)_ 


d(cot -f- 6) 


The extra torque due to the disturbance is given by 
STj = — (I)o(8* cos cot — id sin cot) — Td 

if we neglect the products of small quantities. 

This expression for the torque contains terms depend¬ 
ing on the displacement of the rotor, i.e. proportional 
to cos Clt, and terms depending on the velocity of this 
displacement, i.e. proportional to sin Qi. The damping 
terms will be those in the second series. 

Thus we have, for the damping torque per phase, 

% = — (AOq cos2 cot -h S<I)o sin cot cos cot) sin Qt 

When integrated over a complete period of swing, the 
second term is negligible as compared with the first; 
thus, taking sin Qt out of the bracket, the mean value 
of the torque, in kg-m per phase, will be nearly 


Td(mea») — 


^0 
2q L 


'Ra(R! 


lWy 


Z4. 


Q sin Qt 


and the mean damping torque (in kg-m per phase per 
radian per sec.) for unit angular velocity, which will act 
in a direction opposite to that of the velocity, is given by 


Ti 


rRa(Rl - Llco'^y 


goi^ 




(4) 


where E' is the effective phase e.m.f. 

If the machine has n phases and p pairs of poles, the 
total damping torque in kg-m per radian per sec. 
will be 


Td 




gco'^ 


■Ba(Rl - LW) 
Z^ 




phi 


The proof of this rather surprising result may be 
presented in the following simplified, but less exact, 
form. Consider an alternator of armature reactance 
Laio and armature resistance Ra, connected to an infinite 
busbar of voltage F. Let E' be the back-e.m.f. of the 
machine. For steady conditions let E' — V — ^qCoI-\/2. 
Now let CO be increased by the small amount See. Then 
SE?' = This e.m.f. is available for driving a 

* See, for example, C.V.Drysdale: “ Future Progress in Electrical Measuring 
Instruments,” Journal J^E.E,, 1933, vol. 72, p. 367. 
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current the component of which, in phase with V. will be 

The increment of power will be 

SP == JS'Si = 

If oj is the angular velocity of the rotor in (mechanical) 
radians per second, we have co = pai. Thus 

SP = 0^B^p^wSw/[2(Pi + 

and the torque 

= SP/Sm = (D^P«p2^/[2(p2 _|_ zlp2^2)] 

The torque per radian per second, in kg-m, is given by 

Ta - iTjMS - 0^RaP‘(s! - + zlco^^] 

= - zlco^/yc^lBl + zlojy] 

The equation representing the phase swing of the 
alternator when deflected by an angle 6 from its normal 
running position will therefore be 


the losses at full load, and a;/2 the portion due to))'copper 
loss in the armature; at unity power factor we have 

Pa = B'xI{2I^l) 

where is the full-load power current per phase, and 
E' the effective phase voltage. Now for ZaCtijRa == V^> 
we have 

"^dmax = - ^'^PViSgRaCx)^) 

= — nE'Ij^xp^j{4,go}^x) 

The full-load torque of the machine is given, in kg-m, 
by = nWIjpx^pjigcxi), and thus = - TjplPH^xcjo) . 
Now 1 — X — 7], where rj is the percentage efflciency of 
machine. Thus = - Ti!-i/[4(l - where 
o) — <o/p — angular velocity of the rotor of the machine. 

If we take the case of a 3-phase 4 000-kW alternator 
worldng at 1 500 r.p.m. on a 60-cycle supply with an 
efficiency of 97-5 per cent and a line voltage of 6 000; 
then, fovZaOj — ■\/3Ra> 

m __ Tjri; X 60 

4(1 - 0-975) X 1 600 X 277 


mid^B/dt^)+Tadd/dt + %d=^0 , . ( 6 ) 

This will have a solution, if is large compared with 
Td, given by 

0 = 6q6-^*cos {Clt -|- e) 

where b = ^T(?/(2I), Q « V{%ff/T)> and e = a constant 
depending on the initial conditions. If 6 is positive, the 
oscillations will successively diminish, but if 6 is negative 
there will be a logarithmic increase in the value of 6. 

An examination of the expression for b will show that 
it has a negative value for alternators of normal design, 
since in these the equivalent reactance is greater than 
the resistance. For a given value of Zaco the maximum 
negative value of 6 occurs at R^ = 0-416P<,d), while 
if Ra is fixed this maximum occurs at Zaco — ^/ZRa, 
both maxima beiug unique. 

As has been said, Z^co is in general large compared 
with Ra, and becomes 


= Ti^i/16-7 

If we assume the machine to be star-connected the phase 
current is 386 amperes, the phase resistance 0‘H2 ohm, 
and the phase reactance 0*195 ohm or 2-18 per cent. 
For the same machine designed to have a 20 per cent 
reactance, ZaCo = 1*8 ohms per phase and = Tjpx/610. 
Thus, from the point of view of stability, if ZaCo is to be 
greater than R^, the excess should be as great as possible. 

Synchronizing torque ,—^The value of the torque 
proportional to the displacement may be obtained by 
selecting terms in cos ^^(sin^ co# or cos^ co«) in the 
product — id^jdt. This gives 

Tg == —- OqCOS cos^ cot -[■ I sin^ co^] 

= - cos ai[- {da<!>lZaCO^IZ^) cos2 cot ^ sin2 do«] 

and, for the mean value of the torque (in kg-m per 
radian per phase) opposing unit angular displacement, 



E'^ r Ra 


goo 


2 r2 2 

^ZaOO^ 


; 


l(E'^Za E'Ii\ 
" g\ CO ) 



Thus the negative damping is increased with an increase 
in Ra and decreases rapidly with increasing Zaoo. This 
explains why the introduction of self-inductance into 
the armature circuit of a machine of normal design 
tends to reduce instability, while the introduction of 
resistance has the opposite effect.* Machines of high 
efficiency and large self-inductance will, from this point 
of view, be more stable than machines with large copper 
loss and good regulation. 

We may assess the/maximum negative damping that 
can occur in a machine, in terms of the efficiency, in 
the following way. Let the ratio Zaco/Ra remain, com 
staht at 1-732; then if x be the percentage of the rated 
output of the machine which is expended in supplying 


* This point is dealt with further in the section 


on ” Experimental Work.” 


where E' is the effective phase e.m.f. and J 2 the effective 
wattless current. For n phases and p pairs of poles, 
the value of Tg in kg-m per radian is given by 



'E'^Za 

V 



If the machine is operating on unity power factor, 
and a Ra is small compared with ZaCO, this becomes 
Tg = E'^p^/{ 27 ^Xg), the value obtained by Rosenberg. 


Case 2 .—Unsymmetrical Machine without Dampers. 

This case may be considered most conveniently in 
relation to a polyphase machine. If in.such a machine 
the power and quadrature components of the main 
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current are assumed to be unaffected by phase swinging, 
then the increment of flux linkage in the armature due 
to a small angular displacement 0 will consist of two 
parts, one due to the movement of the normal field 
through the angle 6 and one due to the change produced 
by the movement of the magnet system in the reluc¬ 
tance in the paths of the main and cross-armature flux. 

The first of these is given by 

— /cJg) cos cot 4- 9Xli sin cot 

where k is the number of flux linkages produced in an 
armature coil for a unit wattless current, and A the 
number of flux linkages pi'oduced in the coil for unit 
current in phase with the e.m.f. The increment due to 



the change in reluctance of the flux paths may be calcu¬ 
lated as follows. If in Fig. 1 the polar axis moves 
forward by the small angle 6 while the currents and 
Jg remain constant in magnitude and direction, then the 
increment of current surrounding the polar axis will 
be — 01^ and the flux linkages produced by this will be 
— 0kIj^. Similarly an increment of current round 
the cross axis will produce a flux 0Xl^. 

We may assume, with reference to the results of the 
previous section, an expression for the current 8?:. Let 
this expression be Sa = where 

A = 

B sin cot sin Qfi B' sin cot cos Qt 
This current 8* will produce a flux Ki^ along the polar 


axis and in quadrature with that axis. The total 
increment of flux will therefore be 

SO) = [4>„ - Uk - A)]« cos cot 

— (k — X)li0 sin cot -f Xii -f 

This will produce an increment of e.m.f. in the armature 
which must be equal and opposite to the resistance and 
leakage-reactance drops due to the increment of current. 
Thus 

d{SO)ldt 4- lad{Si)ldt Ba^i — 0 

where la is the leakage self-inductance of the armature 
and Ba the armature resistance. Introducing the values 
of 8i and 8CD>, and equating the coefficients of the trigono¬ 
metrical functions, we obtain, if we neglect com¬ 

parison with co^, 

A = {0(,BaQJZ^){[(l\ - - A)] [bI - {la 4- 

-f I^{k — A)i?ttm[(Ztt -f i<) {la 4- A)]}, 

A' = 0o{4('<^ - - [^^0 " 

B = - h{x - A)K - 

4 [^1^0 “ +■ 

B' = 0o{[^O ~ ~ 4 {i<- — X)Ii{la-\-X)<jP‘^!Z^, 

where — B^ {la 4 «) {la 4 A)a)^. 

The total linkages in the armature may now be 
written down for the deflected position. We have 

(I) = (Op — KJg) sin cot — A4 cos cot 4 S3)i 

-b XA cos cot sin Hi 4 XA' cos cot cos Clt 
4 kB sin cot sin Qi 4 cos Hi 

-b ^pAlg cos cot cos Ofi - 0 ^kI^ sin cot cos Hi 

9 being small, this becomes 
O = — /cJg) sin (coi 4 9) — cos {cot 4 9) 

4 9()Xl2 cos cot cos Hi — 

-b XA cos cot sin Hi 4 XA' cos cot cos Hi 
-b kB sin cot sin Hi 4 xB' sin cot cos Hi. 

and the total armature current in the deflected position is 

1 cos cot — I 2 sin cot 4 8^’ 

To obtain the torque, O must be differentiated with 
respect to {cot 4 d)> ^nd the derivative multiplied by 
the armature current. 

This difierentiation must be carried out as if all the 
currents were constant during the variation of {cot 4 9)- 
Thus in the expression for the flux sin Hi nnd cos Hi 
become constants, while the sines and cosines of cot 
represent the varying projections of the flux vectors 
on the a; and y axes for a change in {cot -b 9)- Thus the 
expression for the torque* becomes 


.... „ rOn - (K - A)lJW - (4 4 kIM 4 I^lx - Xf[Bl - {Ig 4 Xfco^ ^ ^ ^ 

Ta = Rct— -— 2 ^^ ^ 

and for the synchronizing torque we have 

[fl>n - {X - ^)h]Hla 4 /<)W 4 ll{x - A) (?« 4 A)aj^ ' [<I>o - 4 . . ( 9 ) 

Ts ^ ^ - 2Z^g ' ' 2,g 

* Ct Hopkinson, who refers B and /g to the fesultaat flux in the undisturbed state, and not, as is done here, to the polar axis. 
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which have the same general form as the expressions 
derived in Case 1 , but, as would be expected, the 
amount of instability is affected by the armature current. 
This effect decreases, however, as the value of A ap¬ 
proaches that of K, until, when equality is attained 

- {la + /C) 2 a) 2 ]/( 2 Z%) . . ( 10 ) 


solve for a, a', b, and b', by equating coefficients, and 
so determine and in terms of A, A', B, and B'. 
Remembering that the flux linkages in the armature 
are N times those in the damper, we may write the 
increment of armature flux due to the action of the 
currents, induced by phase swinging, in the armature 
and dampers, as 


In the unsymmetrical case, the increase in instability 
with {la + k)(x> > Ra due to an increase in Og is partly 
counterbalanced by the increase in the wattless compon¬ 
ent Ig- ^^d therefore the effect of a variation in the 
excitation on the stability of the alternator appears less 
marked. Also, the instability shows an increase with 
load for [la + k)u} > Ba- 

Case 3 .—Unsymmetrical Machine with Dampers. 

As before, the currents and Jg will have components 

— 0 /j sin cot encircling the displaced position of the 
polar axis, and 61^ cos cot encircling the interpolar space. 
Thus the increment of flux linkage in the single turns 
of the damper winding due to these currents will be 

— 6q{kIJN) cos Of, in the line of the pole, and 
{d^Xl^/N) cos Dif in quadrature with the polar axis, where 
N is the effective number of armature turns per pole 
per phase. The dampers are assumed to have each 
one turn per pole per phase. 

The increment of armature current is, as before, 

Si == A cos cot sin Qt + A' cos cot cos Qt 

-j- B sin cot sin Qt -j- B' sin cot cos Q,t, 

and the flux linkages produced in the damper by this are 
(Bk/N) sin Qt -f- {B'kJN) cos Qi in the polar axis and 
{AX/N) sin Qt {A'X/N) cos Di at right angles to the 
axis. 

We now write the damper current as 
ij = a sin Qt a' cos Qt 


SOj = cos cot + Oj, sin cot) 

— (I)j cos cot sin Qt -f €>3 cos cot cos Qt 

-)- < 1)3 sin cot sin Qt -|- O 4 sin cot cos Qt* 


where 


—A[ A 7^-f (A'-J-^gZg) , 


and 



XLgQ^ \ 


= XR,Qf{N^xl), 


xl = (bI + lIq^), 

L^={X/N^)+lg, 


^^=X[{A'+9,i,)y^~A^J> 

^^=^K[{B'-e,i^)y,-B^J> 



/ _ KLpQh 

^ N^xP’ 


^2 = kb^Q/{n^xI). 


Xf = {rI -f 4q^), 

Lp ~ {kJN^) -J- Ip, 


and Lq, and l^, are respectively the resistance, self¬ 
inductance, and leakage self-inductance, for the damper 
encircling the interpolar space; while Bp, Lp, and lp 
are the same, respective, quantities for the damper 
encircling the polar axis. 

The increment of flux linkage in the armature is 


8 ^) = 64 ^% 


As before. 


— xJg) cos cot cos OiJ 

-t- sin cot cos Qt -|- 80;it 


d(S(I)) 

dt 


+ la 


{ dSi) 

dt 


-j- Rg^i = 0 . 


( 12 ) 


encircling the interpolar space and 

ip = b sin Qt -h b' cos Qt 

encircling the polar axis. The flux linkages produced 
by it in the damper are 

{aX/N^) sill jQiS + {a'X/N^) cos 

and {bKjN^) sin Qt -f {h'KjN^) cos Qt 

Thus the total flux linkages in the damper are 

Og = (A/JV2) {NA + a) sin Qt 

-f (A/JV2) {NA' -b a' + d^I^N) cos Qt 

and 

% = (K/JV2) {NB -b h) sin Qt 

-b (/C/N2) {NB', + b' - e^I^N) cos Qt 

If lp, l^ be the leakage self-inductances of the dampers, 
and Bp, Bq the resistances of the dampers, then 

d<l>qldt -b lq{diq!dt) + Raiq =0 , . ( 11 ) 

and similarly for ^p. 

Substituting the values of Oj,, ip, and iq, we may 


If we insert the values of SO and hi here, the resulting 
equations become very complex,! but a simplification 
may be achieved by the assumption that, as is generally 
the case, the effect of self-inductance is large compared 
with that of resistance; and we may write SO = 0- 
Substituting here for 8?i and SO, we obtain four equations 
of coefficients corresponding to the sines and cosines 
of {co + O) and (cu — O), which may be solved to give 

A ~ 6 ~ ^-^ 2 ] 

" + (Z„-b Ari)2 ’ 

a'^-R +^^1) K - ^{x - An) + Afe] 

" x^^l-\-{ia + xy^)^ 

B = 6 T A) 

-b {la + Ky 2 )^ 

and 

jj, p - fe + icyj,) (A - icyjj, 

+ i^a + xy^) 

* If terms in sin^ nt and cos® 0,t are neglected, 
t cos lat — BqkIi sin “0 is included in S'l']. 

j See Appendix I. 
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The differential of the main flux with respect to [oit -j- 6) is 

-= (On — cos Ojt + Alj sin o)t — 0 o(Oq — k1^ sin ait cos Q.t + 9^1^ cos oit cos Qj, 

d{ait + 6) 

— Oj^ sin Oit sin Q.t — Og sin at cos Qi + O 3 cos at sin Q,t -h O 4 cos at cos Clt 
This, when multiplied by the total current, gives, for the total damping torque, if we select terms in 

sin Q,t{cos^ at or sin^coO, 

-(«: + I A + Ig)^ .(13) 

2x1 2X1 


where + ik + and + (4 + kY^)^. 

Inspection of this expression shows that for =- co, = 0. That is to say, when the interpolar dampers 
have a large resistance or where such dampers are not fitted, the first term disappears and the machine experiences 
no damping effect when on no load.* 

By introducing the values of Y^, jSg, and Y^, we have the torque 




[Oq — {k a 


ih H 


_ N^-Rga _ 

f N% -1- {N%ljX)yQ^ H- [N^R^{la + X)lXY 

, o iX + laM i _ 

® 2sf Uz,+ A 


N^RnQ. 


® 2g \[z« + N% + {NHalpM^DJ- + [N^Rpila + K)fKfi 

If we put JEJ[ — [®0 “ + the voltage in phase with and iJ 2 = as the voltage 

in phase with then 

_ \ 

“ Ifc + ■»% + + A)APJ 


e.Ei^ 


Ms 


_ X^RpQ. _] 

+ + [XXIpIkSYQl^ + [N^Rp{la + K)f'<fl 


9^( _ Nm,<r _ 

<-og |[Z£iOO + N\a + {NHalgajX)Yar^ + [■ZV2J?5(Zfl + A)/A]^ 


d,E.:>h 


N^Rpa 


ag liu + N\a + iN%lpajK)Ycr^ [N^RpX + 


where a = Q/a. Comparing these two component torques with the torque on an induction motor, we see that they 

are identical if o-is equal to the slip.t , . 1 i. 3 . 1 , 

Extending the expression to give the torque for a machine of p pole pairs and n phases, we multiply by the 
factor np^ so that cu becomes alp and o- == Qpja. Thus the damping grids may be designed on analogy with the 
rotor of an induction motor operating at slip a, i.e. in order that maximum torque may be developed at this value 
of the slip (if the damper resistance is. the variable) dHa/dRp — 0 , which gives 


[ZaO) + NHpa (iV^ZflZ^cu/K)]^ 


""" [NHi„ + K)i^f ’ 

The damping torque for unit angular velocity is found by dividing Td by Q,9q, which gives 


[iga + N%a + {N\l^afX)]a 


E\np^ 


N^R. 


a^g \[z, + N\ + (iV2Z„Z,/A)]202 + [N^R^X + A)/A]‘' 

, Elnp^ 


l[z„ + NHp + {maipiK)Ya^ + [x^Rpik + «)//c]"j 


which is a positive quantity for all possible values of the variables.^ , . • • j tx- x-u 

Effect of Armature Resistance .—If we retain the armature resistance in equation (12) we obtain, m addition to the 
terms which we have just investigated, a series of terms in iZaQ corresponding with those obtained in equations (4) 
and ( 8 ), and a second series in rI which now appear for the first time. All the terms are very complex and we 
shall only consider here the doniinant parts of them, namely those parts which include 


* This statement will be modified later when the effect of armature resistance is included, 
t Steinmetz: “ Electrical Engineering,” p. 313 (edition of 1915). 


{ The complete expression will be found in Appendix I. 
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The torque for unit angular velocity due to the terms 
in EaO. is given by 


Td 


_ RgQ. [(Oi -I- - {b^ + e^)] 




2XlQ 


Taking the case of a machine without intei*polar 
dampers, we have 




RI (<I>i 


+ 


2cu^ {la + A)^ 


where 

<I >1 = % - u. 

a = da + Ay^), b 
2 - 


1 — M-'O — you + k)!^, 


X: 


0 


cu 


(la + ^ ~ 

‘^Ra T T c)Oj + {ab — ce) 


/3jA, e = and 

r 




\ ae be 


RaQ, , ,,7 

—j-ia + b) 


01 “ 


If Ral^J^ is small compared with ab, ce, ae, and be, this 
reduces to 

Ra r.* 1 


Td 


2a}‘ 


g(®,+a/2)2+(o7j)2] 


H- 


Comparing this with the expression for the torque 
(equation 8), we see that (Z^ + A) has been replaced by 
(la + AT]^) and that terms in /3 have been introduced. 
Putting in the values of a and c in the denominator, 
we have 


N^RpK^ 


[{laK + N%K + + [N^Rpila + 

This gives, if we neglect la as compared with k, 


1 




rI (Oi + 

20)2 (Z„-|-A)2 




[_(la -I- -I- 


which for small values of (la H- N%j)Q is inversely 
proportional to N^Rp. 

A machine, then, which has only dampers encircling 
the polar axis may exhibit an instability due to these 
dampers if they are of low resistance, and if the armature 
and damper leakage-reactances are small also. This 
instability is nearly proportional to the square of the 
main flux and will be most noticeable at no load, where, 
as has been shown, the positive torque due to the polar 
dampers is zero. 

Relative magnitudes of damping torques .—By writing 




+ [(A/7?g) + zjnd 


2 w 2 


a^{K + 

If the resistance of the interpolar dampers R^ is large 
compared with the reactance, or if these dampers are 
not fitted, then = 0 and the expression is identical 
with the first reactive term in equation (8). 

If Pg is small'as compared with A/N2 and Zg, and we 
assume that NHg may be neglected in comparison with 
A, then the expression becomes 

R, 


(16) 


Td = - ~^(^x + alfj 


(la -f N\f 

i.e. the negative damping due to the armature resistance 
has been increased by the substitution in the denominator 
(4 + N%j)^ for {la + A) 2 . The fitting of interpolar 
dampers of too low resistance is therefore seen to increase 
the instability due to armature resistance, while, as 
before, for values of Ra which are small compared with 
{la -f- N%j) the (negative) damping coefficient is directly 
proportional to iZg. 

The expression for the torque due to the terms in 
rI is, if we confine ourselves to those containing <I)j, 


Rle 


2 0)^0, 

which may be expanded to give 

Rf' 


(Oi + a 4 ) 2 - 
2 




-I- N%X)^ -h iV^[i2g(Za -f X)Y 

4 == J 2 = 0 and neglecting la in comparison with k 
and A, we obtain the following simplified expressions 
for the three damping torques which we have just 
considered in a machine where the resistance of the 
armature is small compared with its equivalent reactance. 

(i) For the positive damping torque (see equation 15) 
we have, 

^ _ E'^np^ r N^R^ 

Ula + H- (N^Ra)\ 

If the first term in the denominator of the square bracket 
is small, this becomes 


Td, = 


E'^np^r 1 

\NHl, 


of^g 


(ii) For the negative damping torque in RaO. (see 
equation 16) we have. 


— — 


E'h%p^ Ra 


N^RI 4- X^QP 


oy^g m2 \_X^{la -|- -f {X^RgX)\ 

If AO is small compared with Rg this becomes 

_ Ra N 




co^g 




N^RpK^ 


c7(Z„/c + NHpK + NHplafQP + N^[Rp{la + /c)] 


\XW 

1 


The factor l/(a2 + c2) has already been investigated 
qnd shown 'to be dependent on the constants of 
the interpolar damper. The magnitude of the term in 
the curly brackets is, however, determined by the con¬ 
stants of the damper winding encircling the polar axis. 


(iii) For the negative damping torque in iZ; 
equation 17) we have. 


(17) 


(see 




E'hip^ 


<xrg a2 -j- 




N^Rr 


.{la T N%)^a^ + {mRp)^_ 
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For the case where there are no interpolar dampers 
and where {la + N%)0. is small compared with N^Rp, 
we have 

rI (J_\ 

oj^g }?oAN^Rp) 

For a machine operating at or near no load and unity 
power factor we have a positive torque due to the inter¬ 
polar dampers, and two negative torques; one which 
depends on the constants of the interpolar dampers 
only (Tiia), and one which depends on the constants of 
both dampers (T(^ 3 ); and it is seen that a machine, 
provided with low-resistance polar dampers only, is more 
unstable at no load than it would be if the dampers 
were not fitted. 

It is difficult to generalize where so many factors are 
involved, but the following statements appear to be 
j ustified. (1) In machines of low armature resistance and 

high reactance, the positiv'e damping is nearly inde¬ 
pendent of this resistance, and the negative damping 


difficulties, chiefly owing to the large numbers of factors 
involved. Thus, although it is comparatively easy to 
measure the amount of negative damping present in 
the machine, the estimation of the appropriate values 
of {la -f K) and + A) and of the constants of the 
damper windings is by no means a simple matter, 
especially as they are all aflected to a greater or less 
extent by the saturation of the iron. Thus it is difficult 
to obtain calculated values of the damping which agree 
closely with the observed magnitudes. 

A number of experiments were, however, carried out 
in the Laboratories of Applied Electricity, University of 
Liverpool, in an endeavour to obtain |at] any rate a 
partial confirmation. 

First Series. 

A 3-phase alternator rigidly connected to a direct- 
current machine was chosen, the particulars of which 
are as follows. 

A.C. side.—200 (line) volts, 86 amperes, 8 poles. 



nearly proportional to it. (2) An increase in reacta,nce 
in such a machine on no load reduces more rapidly 
than Tdi and Ta,. (3) In a synchronous motor havmg 
large leakage reactance Z^, an increase in excitation 
causes a smaller increase in than in and Tajj, 
since in the first case l 2 {la + must be subtracted 
from the main flux while in the other two cases 
I^{k — yX) is deducted, having a maximum value of 
unity. (4) An increase of load in a machine fitted with 
dampers will always make for an increase in stability 
if Ra is small in comparison with /cm and Am; for, taking 
those portions of the torque expression which appear as 
multiples of the cross flux, we have from Appendix I 
_ 6 Ra RIc 

Tdi : Q _(_ ^2) 

and, moreover, the cross-flux factor in is li{la -f A)^ 
while in and it is [li(A - of which 

the last term may generally be neglected. 

Experimental Work. 

The experimental confirmation of the expressions 
obtained for, the damping coefficients presents serious 


frequency 50 cycles per sec., star-connected; armature 
resistance, 0 • 04 ohm; armature turns per pole per phase, 
6 ; damper turns per pole per phase, polar damper 
resistance, 1-2/10^ ohm; interpolar damper resistance, 
2 /10® ohm; polar and interpolar damper leakage self¬ 
inductance (estimated), 4-6/10'^ henry; armature leakage 
self-inductance, 8/10® henry. 

Demagnetizing coefficient (/c):—* 

Leading cui*rent, J 2 — ® amps. 

/cm = 0*776 0-686 0-555 0-525 ohm 

Cross-magnetizing coefficient (A):—* 

Leading current, J 2 = 0 26 30 34 amps. 

Am = 0-375 0-285 0-267 0-252 ohm 

D.C.side .—460 volts, 80 amperes; armature resistance, 
0-185 ohm. 

The alternator when directly connected with the city 
supply, and with the direct-current machine entirely 
disconnected from the mains, exhibited a very slight 

instability when excited for unity power factor. 

* Corresponding to Fig* The vsiriation of k and. X "witb. wattless current 
was shown in a paper on ** Measurement of the Load Angle of Synchronous 
Machinery^* {Journal 1931. vol. 69, p. 281). The values cited here were 

measured by the stroboscopic method. 
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For the purpose of these tests, the connection to the 
mains on the a.c. side was made through a 3-phase 





{c) % id) 


Fig. 3.—Oscillograph records. Field current 11 • 2 amps. 

ia) Core 4 in. out. (6) Core in. out. 

(c) Core 6 in. out. {d) Core 5j in. out. 

choking coil arranged as a series (variable) impedance. 
The direct-current machine was, after synchronizing, 
disconnected from the mains, excited by a small field 


oscillation, no current passed through the oscillograph; 
phase swinging was, however, accompanied by a deflec¬ 
tion in the oscillograph, proportional (since the resistance 
in the armature circuit was large compared with the 
self-inductance) to the velocity of displacement. Oscillo¬ 
graph records were taken for various values of the 
series impedance and of the direct-current field of the 
alternator. An example of these records is shown in 
Fig. 3. 

Measurements of the logarithmic increment* on a 
number of these curves enabled the value of the damping 
coefficient to be calculated for various values of field 
and impedance, and compared with the values obtained 
from the 'formulae. The results for a field current of 
11*2 amperes are shown in Table 2 and Fig. 4. 

The total damping torque and its components 
Td^. and Td^, are plotted for purposes of comparison, 
and in order to emphasize the importance of the term in 

^a> ^ck, which in this case makes a large contribution 
to the total negative damping. The theoretical curve 
calculated from equation (8) for a machine without 
dampers is also plotted. The machine with dampers 
is seen to be more unstable at no load for the lower 
values of the armature self-inductance than it would 
be if the damping windings were not fitted. 

This damper instability is due to the particular 
construction of the machine, in which the interpolar 
damper resistance is 16-7 times the resistance of the 
dampers encircling the poles. The measurement of 
the resistance of this interpolar damper presented 
considerable difficulties, and the value taken for the 



^calculated. 


•rds , 

-f Ida-f 

Udi -I- Wz -1- Td^, observed. 
Equation (8), calculated. 


current, and backed against a battery of cells in series 
with an oscillograph (Fig. 2) . 

The field of this machine was adjusted to such a 
strength that when the alternator was running without 


calculation of the damping coefficient is the average 
resistance per pole. The value of the leakage reactance 
of the dampers was calculated from the dimensions. At 

* A similar method was used by Cotton {Journal I.E.E., 1931, vol. 69, p. 993). 
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the maximum value which it is likely to assume, it makes 
little difference to the calculated value of the torque 
in this machine. 

The following notes on the calculated values may 
be useful. 

{equation 13).—^The term in is the only one of 
importance. is small (about 6 amperes), and the 


To give an idea of the magnitudes, the limiting values 
are shown in Table 1. 

Second Series. 

In this series the connections on the alternating- 
current side were maintained as in the first series, but 
the direct-current side was made to act as a damper of 


Table 1. 



Added reactance 

a 

/3i/n 

/ 32 /n 

1 

n 

73 

At 22 amperes leading current 

0 • 5 ohm 

17-0 

1-23/103 

2-63/102 

1-0 

0-646 

At 34 amperes leading current 

0 ■ 83 ohm 

14-1 

1-44/103 

3-34/102 

1-0 

0-664 


second term does not rise to 0-002 kg-m per radian 
per sec. 

{equation Appendix I). —The terms in ce and 
those in Og and A are negligibly small. 

Tc^,, {equation 19, Appendix I). —All the terms may be 
neglected except 

" ,..2 


o2 

.RaO 


oo"- 


The values of jSg/O, Tj, and y^, are all affected 

to a certain extent by the frequency of swing (which 


adjustable magnitude* by eliminating the oscillograph 
and completing the circuit through a variable resistance. 

Instability having been introduced on the a.c. side 
by a suitable (measured) adjustment of field or self- 
inductance, the armature resistance and field on the 
d.c. side were adjusted till a slight constant oscillation 
was just maintained. Under these circumstances the 
negative damping on the a.c. side could be equated to 
the damping inherent in the machines, plus the damping 
effect of the currents in the d.c. armature, which latter 
is susceptible of fairly exact computation. 



Fig. 5. 


-□_— 



T^i + Tdz + Trfa observed. 
Tdi + Tda -|- Ich j 
Tdi 
Tda 
Wa 


calculated. 


decreases as reactance is introduced into the armature 
circuit), though Tj is practically constant in this machine, 
owing to the high interpolar resistance. 


In this way it was possible to obtain a check on the 
results in the first series, ' and also to investigate the 

♦ See Appendix III. 
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efiects of load on the negative damping coefficient, 
though here a limitation was experienced in that the 
damping due to the direct currents became so high on 
the larger loads (owing to the inevitable decrease of 
armature resistance and increase of field) that it was 
impossible to render the set unstable. 

The results are plotted in Fig, 6 . The a.c. machine, 
operating as a motor, is taking a load of 3 kW to 
supply its own losses and those of the d.c. machine 
to which it is connected. The component torques 
Tdg, and are plotted again here as in Fig. 4. 
The load current, now 8 • 7 amperes, contributed a 
positive torque of about 0‘03 kg-m per radian per sec. 
to , As before, at low values of the added inductance 
afforded most of the negative damping. An abstract 
of the calculations for Fig. 5 is given below. 

Production of Unstable Conditions. 

As remarked on page 600, any alteimator of normal 
design has a tendency towards iirstability in virtue 
of the fact that the armature reactance exceeds the 
armature resistance, but as a rule this excess is so large 


was impossible to operate the machine at all on no load 
unless it was connected with a d.c. machine which could 
supply a positive damping torque (see Appendix III). 

The machine had no dampers in the interpolar space, 
and the damper encircling the polar axis was represented 
by the field winding and the eddy-current paths in the 
pole faces. It thus approximated to a machine without 
dampers, to which equation (4^z), and, more rigorously, 
equation ( 8 ), apply. 

Abstract of Experimental Results, 

First Series. 

The values of the damping coefficient given in Table 2 
were obtained from a series of oscillograms (Fig. 3) 
taken with JS = 242 volts, and were calculated from the 
following relations. 

The equation of motion is 

IdWfdt^ + bddjdt c9 — 0 
whence d — g~^'^ cos {ipt 

where 2A' = hjl. 7'^ = c/I, and 02 _ (y .2 __ ^' 2 ). 


Table 2. 


Damping coefficient from above relations. A.C. voltage (JS) = 242 volts. 
Constant damping torque due to a.c. field =0-02 kg-m. 


Mean decrement (o') 

0*946 

0-941 

0-879 

0-833 

Logg a' 

-0*066 

-0-061 

-0-129 

-0-185 

Periodic time {T'), in sec. 

1*335 

1-276 

1-2 

1*11 

Damping coefficient, in kg-m per radian per sec. 

-0*093 



-0-369 

Added reactance, in ohms .. .. .. .. j 

0*833 

0-707 

0-594 

0-507 


as to make the negative damping less than the positive 
damping inherent in the machine (due to the eddy- 
current and damper torques, windage, and the like). 
If, however, the negative damping be increased by the 
introduction of resistance into the armature circuit, 
the motion will in many ways become unstable, 
especially in small machines* on light load. 

For example, an alternator having the following 
particulars was found to be perfectly stable when 
excited for unity power factor on the city mains at no 
load: line voltage, 200 volts; line current, 58 amperes; 
resistance per phase, 0 • 1 ohm (average); reactance per 
phase, 1-36 ohmsf (average); speed, 1 200 r.p.m. ; 
frequency, 50 cycles per sec. 

When the armature resistance was increased the 
machine began to be unstable, and exhibited maximum 
instability when the total resistance in the armature 
circuit was 0-66 ohm per phase, giving a ratio of 
^al{LaCo) — 0-408 as against the theoretical value of 
0-416. With this value of the armature resistance it 

•;, * In whicli it is the general practice to omit the interpolar dampers and to 
.'fitonly dampers surrounding the poles. 

t Obtained from a measurement of synchronous impedance. 


The decrement of the curve is given by 

xv 

cr = e 

M' 

" (^1 + + ^ 3 ) 

where T — periodic time = 27 r/ 0 . 


Hence 


4-Z* 

loge 


(^1 -f df) 

{62 + Of) 



As the values of the successive swings 0^, 62 , etc., are 
so close together, giving a small difference in amplitude, 

61 , 9^, and were used, giving 6 == \ftll{gT')^ logg cr' (in 
kg-m per radian per sec.), where T' = time for 3 swings 
and a' — decrement = ( 02 + + ^ 13 )- 

Second Series. 

Estimation of Total Positive Damping .—^The damping 
due to the eddy currents in the a.c. and d.c. machines 
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was determined from a series of Kapp lines taken at 
various values of the a.c. and d.c. field currents. 

The damping due to the d.c. armature current may be 
calculated from equation 24 (Appendix III), which gives 

X 9-81) kg-m per radian per sec. 

= 0-0000165J72/i?y 

where E = d.c. electromotive forci^ = total resis¬ 
tance in the armature circuit, and cj = 27 m', n' being 
the speed of rotation in revolutions per sec. 

For instance, taking the point in Fig. 5 corresponding 
to a choking-coil reactance of 0-6 ohm, the following 
quantities were observed:— 

Armature e.m.f. (d.c.) = 4Y6 volts. 

Resistance in d.c. armature circuit = 29-08 ohms. 
Field current (d.c.) = 0-97 ampere. 

Field current (a.c.) = 6-3 amperes. 

Hence 

Damping due to d.c. armature current =0-129 kg-m 
Damping due to d.c. field (from Kapp test) = 0 - 0265 kg-ra 
Damping due to a.c. field (from Kapp test) = 0-0165 kg-m 

Total damping .. .. .. =0-172 kg-m 


where P ~ [Oq — (/c — 

P' = [(Do - (k - 
Q = [(A -f 

Q' = [(A - /cr,)Ji - A^N2 ]^o^ 

5 = (o) 4- Q), and d = (m — O). 

These can be solved fairly simply by writing 


R^ = {Ra/s) -be, = {Ra/d) - c, 

= (Rjs) -b e, and R^ = [Bald) - e. 

When the values of A, A', B, and B’ have been 
obtained in terms of the constants, we may write, since 
CO is large compared with Q, 






7^2 




etc. 


Substituting the values of A, A', B, and B', in the 
torque equation, we obtain the terms in Rad and Ba as 
follows: 


Bad tevms. 

■ 


^ {[(4>i + oJJ* + (ola)*] r (62 + e2) - - 

+ [(<62 - + (« 4 )"] 


sill 


v2 j_ ,^2\ 


B^~‘ 

(a2 + o2) 




Ba terms. 

Ts, = - + “^ 2 )" + 




CO'” 


(18) 


+ [(<P,-6I,)2+(e4)2]^-?^Vi-§'^4} ■ (19) 


Conclusion. 

The authors wish to express their thanks to Prof. 
E. W. Marchant for putting at their disposal instruments 
and apparatus in the Laboratories of Applied Electricity, 
University of Liverpool, and for his help and encourage¬ 
ment; to Mr. U. S. Haslam-Jones, M.A., for his criticism 
of the mathematical analysis; and to those honours 
students in the University who assisted in the production 
of the experimental data. 

APPENDIX I. 

To solve the equation 

at at 

we first introduce the values of 80 and Si, and obtain, 
by equation of coefficients, the following:— 

.4(Ra 4- cs) + B'{Ba + es) - A'as -b Bbs - Ps = 0 
- A(Ba - cd) + B'(Ra - ed) ~ A'ad -b Bbd - P'd = 0, 
A'(Ra -b cs) - B(Ra + es) + Aas -b B'bs + Qs= 0, 
A'(Ra ~ cd) -b B{Ba “ ed) - Aad -b B'bd + Q'd = 0, 


where O 2 = (^a + ^)^i “ ^0 “I” 

Selecting the terms in ((D^ + aJg) as being large com¬ 
pared with all other terms, we obtain the values given 
on pages 604 and 605. 

Both these torques must be multiplied by the factor 
np^lg for a machine of n phases and p pole pairs. 

APPENDIX II. 

Inherent Positive Damping. 

As a postscript to the treatment of the neptive damp¬ 
ing coefficients, it is not out of place to discuss briefly 
the chief sources of positive damping which occur in 
synchronous machines and in machinery, which is fre¬ 
quently connected to them. 

The iron losses in an alternator may be written 

TFi = -b C2P!f2 

where B is the flux density in the iron, / is the frequency 
of supply, and and C 2 are constants. 

The torque due to the iron loss may thus be written 

Ti = CiPi-6 -b c^B^U 
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where oj is the angular speed of rotation and Cj and 
C 2 are constants. Thus the second component of the 
torque, i.e. that due to eddy currents, is proportional to 
the velocity and acts as a true viscous damping. 

If X be the percentage of the total output required to 
overcome the losses in the machine, and if -^x may be 
taken as the percentage due to the losses in the iron, 
then, if one half of this be due to eddy loss, we have 

Eddy loss = \xEljfx,, 

Torque due to eddy loss = -fajTjf'i, 

and, since this torque is proportional to the angular 
velocity, 

where is the full-load torque and 5 J the angular 
velocity at which this torque is measured. 

APPENDIX III. ' 

The Damping Action of a Direct-Current 
Armature (Without Interpoles). 

Consider a compound-wound machme (Fig. 6 ), shunt- 
excited, working against a load of back-e.m.f. e, resis¬ 
tance and self-inductance Taking iy, and 
to be the self-inductances of the armature, the shunt 



Fig. 6. 

winding, and the series winding respectively, and Ba, Rt, 
and Rs to be their respective resistances, we have 

6(1 — iRj, — Lijidildt—Mdifjdt = e .(20) 

% {L-[-]^)diJdt — {Lf-{-]\d)dij}dt—ifRj — 0 . (21) 

where ^ = armature _ current, shunt field current 
(neglected in comparison with i), e® = armature e.m.f., 
M = coefficient of mutual induction between series and 
shunt fields, R^^R+r^,Lt = L -b A^, R = R(, + R^, 
and A = A« + A,. Hence « t s. 

Ljdifjdt -J- Rfif R^i -j_ (J^ — L(g)dijdt = e . (22) 

Now let the ai mature oscillate about its steady angular 
velocity so that 

% = e(j — ea sin Qi 
i = 4 sin Qd + cos Q.t -f 
if == sin -j- ^2 Cit -j- ig 
For the oscillating terms, equation (22) becomes 
Lfdifidt -b Rfif — R^i -j- (M _ La.)dildt = 0 


and hence, equating coefficients of sine and cosine, we 
obtain i^ = -b and 4 = - bl^ -f- al^. 

where a = - Lj{M - 

b = feA/D -b Rj{M - A^)D]/^, 

and 2 : = A/ -b 

The armature e.m.f. may be written 

Ba — aj[o' -b K{Nfif -b N2i)]Na 

where dj is the angular velocity of the armature, and 
N.J, are the numbers of turns on the shunt and series 
fields re.spectively, k = tan 6 , and c' has the value 
exhibited on the saturation curve in Fig, 7 , where the 
gap flux is measured in hundreds of megalines per 
radian. 

When oscillation occurs, aj becomes (55 — 6 qQ sin Qt), 
and Ca becomes 

ea=-N«(a>-0oDsinD^){c'-b/c[N■J(^•^sm^^-b4cosD^-b^o) 

-|-N2(/iSinD«-b/2CosQi-b/o)]} (23) 

where Na is the number of armature turns in series 
between brushes. 



Neglecting the terms in the products of sin DiS and 
cos Q.t, we have the oscillating terms ~ Bq = 
where 

hea = Nn;{cb/c[iVj(fj sin Qt -b cos Qt) 

-b sin Oi -b Jg cos Qj,) ] 
sin 

For the oscillating terms, equation (20) becomes 

hea — Ay(A sin Q,b -f cos Q,t) 

-b cos Qt — Jg sin Qt) 

-b MQ(ij^ cos Qi — ig sin Qt) 

Equation of coefficients gives 

Ii == dQceaQf{c^ -b and Jg = dQdeaQl{c^ -b d^), 
where c = ajKNa{R\a -b Yg) ~ {MQb -b Bf) 
and d = -b (Ay -b Ma)Q. 

The average flux per radian in the air-gap is 

Oj, 0' -b xiMiif + N%i) 
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whence the average gap density is 

Bg = [o' + + N^i)\l{lr) 

where I is the effective length, and r the effective radius, 
of the armature in cm. 

The toi-que is 

NaBglriJlO 

= Nalc' + K{h\if + X 108/(10 X 981) g-cm 

= Na\c' + 4- Ygfjji/g • 81 kg-m 

Substituting for i and if, and selecting the terms con¬ 
taining sin Qi, we obtain 

Substituting here for a, b, c, and d would produce a very 
complicated expression. We may, however, make some 
simplifying assumptions. Considering a and 6, M is 
much greater than M is much less than Lf, and 
than Rf. Thus a and h are both small (less than 
0 -001) in machines where Rf is small compared with 
LfOl, and where A/0 itself is large (6 000 ohms, say). 
'We' may therefore write 

C = OiKNgNa ~ Rq} 

while may be neglected in comparison with c^. The 
term in Iq may also be neglected in comparison with 
c®. Thus, 

% = " Rl^o] 

= - RT)g] 


“ dj{coi<N^Na - RT)g 

the unit in both cases being kg-m per radian per sec. 

For a separately excited machine (uncompounded) 
is zero, and the torque for unit angular velocity is 
given by 

Td == elf{ajRq<g) .(24) 

In the foregoing discussion the explicit formula for 
the damping torque has been modified by reference to 
a machine of a particular specification, but it must be 
remembered that the same modifications are not univer¬ 
sally applicable. 

Returning to the expression for the torque of a 
separately excited machine we have, if x be the total 
loss (iron and copper) expressed as a percentage of the 
full-load output, and the percentage copper loss, 

rA ■= 

where = full-load current* and E — terminal e.m.f. 

Thus Ra^lxEjljpx, 

and = WIjpLfixUi) 

= 2TFzl{^cd) 

where T^l — torque at full load. 

* Assuming for simplicity that the external resistance of the armature circuit 
is small compared with the resistance in the machine itself. 


APPENDIX IV. 

Positive Damping of a Steam Turbine. 

An alternator rigidly connected to a steam turbine 
experiences a damping torque whose magnitude is 
proportional to the load on the turbine. Three t 3 q)es 
of turbines may be considered. 

(i) Impulse Type. 

If be the initial velocity of the steam leaving the 
nozzle, and u the linear velocity of the blades, the load 
torque is given by 

Tgz = cos a — m) (1 + c){mlg)p 

where a is the angle between the direction of the steam 
jet and the direction of motion of the blades,, p the 
effective radius of the ring of blades, c = cos Og^/cos 6^, 
where 0^ and respectively the inlet and outlet 

angles of the blades (this ratio may be considered to be 
independent of blade velocity), and m = mass of steam 
flowing per sec. 

The turbine works with maximum efficiency for a 
blade speed such that ^ Thus the torque 

on load is given by 

Tgz = m( 1 -f o){mJg)p .... (26) 

The eflect of a small increment of blade velocity Su 
will cause a change in torque (equation 25) given by 

= — §w(l + c){mlg)p 
== (Sli/«)TgZ 

The damping torque (due to the steam) for unit angular 
velocity is therefore given by lids = where w is; 

is the angular velocity of rotation. 

(ii) Impulse Turbine Compounded for Velocity. 

In this case the load torque for n rows of moving 
blades is given by 

Tgj = 2n{v-^ cos a — nu){mlg)p 

when cos 0^ == cos 

For maximum efficiency, w = Uj cos af{2n). 

Thus Tgi = 2n^a)mplg, and the damping torque due to 
the steam for unit angular velocity is given by ' 

[Hi) Reaction Turbine. 

Flere the load torque is given, to a good degree of 
approximation, by 

Hgi — n[2v.j^ cos a — u)[mlg)p 

where n is the number of stages. 

For maximum efficiency, u — v-^ cos a. 

Then Tgz — umpfg, and the damping torque due to the 
steam for unit angular velocity is given by Tds = Tgz/ Zu.| 
Thus, in each of the three cases, the damping is directly 
proportional to the load on the turbine (since it is pro¬ 
portional to m) and inversely proportional to the angular 
velocity for most efficient operation. Any given turbo- 
alternator will therefore become more stable as the load 
increases, not only on account of the increased electro¬ 
magnetic damping due to any damping grids that may 
be fitted but also on account of an increase in the 
damping aflox'ded by the turbine itself. 
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RADIATION AND ELECTRICAL POWER TRANSMISSION.* 

By W. E. SuMPNER, D.Sc., Member. 


{Paper first received 2nd September, 1933, and in final form I5th March, 1934.) 


Summary. 

The paper discusses the mode of propagation of energy 
under steady current conditions, and advances the view that 
it is only a special case of radio transmission. The electro¬ 
magnetic theory governs all electrical processes, but, while 
the high-fiequency disturbances of light, or radio-telephony, 
move in waves which are known to retain their individuality 
when superposed, the principle of independence does not seem 
to be applied when the disturbances are of very low frequency 
so as to approach steady current conditions. In the last case 
the electromagnetic fluxes are, even nowadays, often regarded 
as static, and when such fluxes are superposed it is generally 
assumed that they merge into a single flux. Poynting's 
theorem of energy flow suggested that the fluxes due to steady 
moving through the dielectric, but tacitly assumed 
that the fluxes form a single stream, and that nothing of the 
nature of reflection occurs when this stream reaches a material 

SXII'XclC6« 

liarmonize with Maxwell’s theory 
properties of hght, if such streams when incident 
on matter were to give rise to reflected ones, and therefore to 
a system of superposed streams. The aim of the paper is to 
show that such a view is quite consistent with the known dis- 
chwit.°^ energy to the various parts of the conducting 

The mathematical problem is discussed in Part 2 of the 
_analysis is an example of Heaviside's vector 
f’ necessanly based on assumptions. The 

assumptions axe 
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PART I. 

(1) Introduction. 

present paper is to justify the vif 
that the processes at work in steady current systems 
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electrical power transmission are the same as those in¬ 
volved in radiation, and that the fluxes have the same 
characteristics as those in a wave of light. This is not the 
normal view. Maxwell’s theory is an electromagnetic 
theory of hght, but does not seem to have been used 
as an optical theory of electromagnetic processes. No one 
seems to have applied to it two pidnciples always admitted 
a.bout light: (i) the individuality and independence of 
hght waves, and (ii) the production of reflections when 
hght waves are incident on matter. 

It seems natural to expect the flux streams due to a 
steady current supply system to behave in general like 
those of radiation. What is hard to see is that such a 
view is consistent with the known facts about the dis¬ 
tribution of energy in electrical circuits. 

The actual mode of transfer of energy through the 
ether is quite as important to the practician as to the 
theorist. The engineer deals directly only with matter, 
but the object of his work is to cause and to control the 
movement of energy of the type he needs from the place 
where he can get it to the place where he can use it. 
The flow of energy in steady current circuits is specified 
by the Poynting flux. In order to illustrate this flux 
let us suppose that a battery of cells (G, Fig. 1) supplies 
a current of 10 amperes at 100 volts to a load L through 
mains of negligible resistance. These mains’ denote 
electrical level surfaces, one at 100 volts, the other at 
zero volts. Their path may be of any shape. In order 
to suggest the complications which readily arise in actual 
circuits a zigzag course has been chosen for one of the 
maitis. Apax’t from a few very speciaT cases, nothing 
precise is Icnown about the position of any leveT surface 
at an intermediate voltage, say 90 volts, except that it 
must join the 90-volt points on the battery to the 90-volt 
points on the load, and even these points are quite 
arbitrary so far as the diagram is concerned. Each level 
surface must completely enclose one of the two mains. 
The sections, by the plane of the paper, of the surfaces 
at 90 and 60 volts are approximately as shown by the 
dotted lines, while the arrows indicate the direction of 
energy flow. Poynting’s theorem tells us that energy, 
at a rate defined by 30 volts and 10 amperes, passes from 
the battery into the dielectric between these surfaces, 
flows like a river between banks formed by them, and 
finally enters the load. It is supposed that the level 
surfaces indicate the true streamlines, and that the load 
acts like an ocean—-absorbing the whole river without 
returning a drop. Radiant energy when incident on a 
material surface is always in part reflected. A perf&t 
conductor, according to Maxwell’s theory, is impervious 
to electromagnetic fluxes. The load L may consist for 
the most pait of the nearly perfect conductor, copper. 
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yet the Poynting flux of energy is supposed to be com¬ 
pletely absorbed on incidence. Such results suggest that 
the Poyuting flux may indicate a net effect denoting the 
excess of the incident over the reflected energy. 

The level surfaces are rigidly fixed at G and at L, but 
seem to be wonderfully flexible in the dielectric. They 
can be altered by shifting the mains, or by using a metal 
plate connected by a wire to some point on the circuit, 
or by influences due to some quite distinct circuit 
through which a steady current is flowing. In no case 
is any change produced in the amount of energy supplied 
by the generator to a particular part of the load. 

Poynting’s theorem was no sooner published than it 
was shown by Sir J. J. Thomson that the energy flux P 
is not the only mathematical solution possible, and that 
a flux R will equally well satisfy all the conditions pro¬ 
vided that T, or (P — R), the difference between P and 
R, is what is known as a circuital flux. 

On page 313 of " Recent Researches in Electricity and 
Magnetism,” published in 1893, Thomson states, in 



Fig. 1. 


G to L between the two equipotential surfaces and 
Vg. The eddy is not necessarily small. It may, like T 3 , 
extend from generator G to load L. The net flow of 
energy determined by P is not inconsistent with the 
coexistence with P of additional fluxes of energy passing 
to and fro between generator and load. Moreover, the 
eddy Tg, though it must be continuous, need not follow 
a smoothly curved path. It may zigzag from surface 
to surface of the matter in a way suggestive of reflected 
rays, and of rays that are reflected perfectly, since it can 
be assumed that all energy actually absorbed by the 
matter is supplied by the flux P. 

The discharge of a stream into a lake S need not be 
altered by changing the distribution of its flow from 
a current density given by P to another given by R. 
If T, or (P — R), is a circuital flux, any portion of T 
entering S at one place must leave it at another, so that 
we have 

XJm = 0, or JJPds = JjRc^S 

where each integral is taken over the boundary of the 
lake. The same result will follow if S, instead of being 


G 


L 



reference to the proof of the Poynting flux P, that ” it 
does not however justify us in asserting that the flow of 
energy at any point must be that given by ” P, since 
” we can find an indefinite number of quantities ” T, 
" of the dimensions of flow of energy, which satisfy the 
condition " JJTcis=0, " where the integration is 
extended over any closed surface.” No one seems to 
have made any use of this flux. Heaviside regarded it 
as needless. He said that it represents energy that 
simply goes round and ” does nothing,” and that “ being 
useless it would be superfluous to bring it in.” The 
question at issue, however, is whether the true flux is 
P or R. If several solutions are possible P may be the 
one most convenient mathematically while R may be 
the one which fits in best with the physical facts. 

A circuital flux is simply an eddy. Poynting over¬ 
looked the possibility of eddies. These can exist 
however steady the conditions, and can be quite as 
steady as the main stream itself. An eddy may be 
placed between two level surfaces Vj, Vg, as at Tj in 
Fig. 2, or may cross one of these surfaces as at Tg. 
In the latter case the energy crossing the surface at one 
spot must tecross that surface at another. In neither 
case does the eddy affect the net flow of energy from 
VOL. 75. 


the shore of a lake, is a closed surface completely sur¬ 
rounding a volume. 

Now if R consists of a number of superposed fluxes of 
radiant energy, 

R = Rj -f- Rg -f- • ■ • 

each having the characteristics of a beam of light, each 
of these superposed fluxes will be the Poynting flux for 
the corresponding beam, and can be obtained by using 
the Poynting formula in conjunction with the electric 
and magnetic forces of that beam. We can obtain a 
compound Poynting flux P by adding vectorially the 
electric forces of all the radiant fluxes to form a resultant 
electric force, by adding similarly the magnetic forces 
to form a resultant magnetic force, and finally by using 
these resultant forces with the Poynting formula. 

The compound flux P will not be the same as R, but, 
if it can be shown that the difference is always a cir¬ 
cuital flux, we must have 

;jp* =. JJ(Ei + Rs + . . . )* 

for any completely closed surface. This will mean that 
the energy absorbed within, or emitted from, the volume 
enclosed by the surface S can be calculated either from 

33 
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the flux P or from the flux R, and will therefore show 
that there is nothing inconsistent with the known dis¬ 
tribution of energy in the circuit, if the Poynting flux 
P, in conjunction with T, is interpreted physically as 
resulting from a number of superposed radiant fluxes 
Rj, Rg- Such a result will in no way lessen the 

importance and convenience of the Po 3 mting flux, but 
will make this flux appear more wonderful than ever. 
If the actual facts correspond with a superposed system 
of fluxes it is a most extraordinary result that a single 
continuous flux can be found to represent the net flow 
of energy from one part of the circuit to another. 

In order to justify the foregoing interpretation it 
appears that there are three distinct problems to be 
solved. Two of these are entirely physical, while the 
third is entirely mathematical. They are:— 

[a) To justify on physical grounds a radiation assump¬ 
tion that the electromagnetic fluxes associated with a 
steady current circuit consist of a system of superposed 
radiation fluxes R = Rj^ -f Rg + . . ., from which the 
Poynting flux P can be found in the ordinary mathe¬ 
matical way by vector summation of like forces. 

{b) To justify on physical grounds a local-impulse 
assumption used in the mathematical argument whenever 
there is a transformation of energy from one state to 
another, one of these states corresponding with the 
electromagnetic fluxes in the dielectric, and the other 
being the energy state of the matter. 

(c) To show mathematically, on the basis of these 
assumptions, that the difference between P and R is 
always a circuital flux. 

The paper thus naturally consists of two parts. One 
of these deals with the physical assumptions, and the 
other deals with the analysis. The Appendix contains 
a further discussion of the local-impulse assumption. 

(2) Wave Motion and Direct-Current Circuits. 

The idea that waves occur when an electromotive force 
is suddenly applied to an electidcal circuit is by no means 
a ne\v one in the mathematical treatment of the subject. 
Heaviside, when dealing with his cable problem, con¬ 
stantly alluded to such waves. He always treated them 
as if they were waves of light and subject to reflections. 
His treatment of these waves mathematically, however, 
was markedly different from that of any other writer. 
He showed interest only in the front of the advancing 
disturbance, and paid no attention to the rest of the wave. 
Ever 3 rthing he did was consistent with the view that he 
was studying the action of a thin pulse of light, including 
that of the reflections resulting from its incidence on 
bounding surfaces. For this purpose he assumed the 
existence of a “ unit function ” H{x) whose value is zero 
for all negative, and unity for all positive, values of x. 
In terms of this function he defined mathematically 
a pulse of strength e, and base b, travelling along the 
axis of X with a constant velocity v. His formula, true 
for all values of the distance x, and also for all values of 
the time t, was 

\h{x — t)i5 -f- 6) — H{x — vt) J“e 

It will be seen that this quantity becomes e if the value 
of {x ~ vt) lies between (—6) and 0, and that it becomes 
zero if such value lies outside the range stated. 


If the pulse base h is excessively small, and if we use 
a for vt, this formula becomes 

b^-H(x — vt)e = b'pe~‘^^H{x)e 
dx 

where p is used for the differentiator djdx. 

Throughout Heaviside’s mathematical work with 
operators* the factor pe~^'P is continually occurring. 
This shows that his operator method deals with an 
isolated moving pulse. His complete operator is always 
expanded into an infinite series of terms involving 
powers of p. The unit function 'H[x) is not always 
mentioned, but is always assumed to be present. The 
effect is that the terms of the infinite series denote 
quantities which come into existence at different times. 
They denote reflections of a single pulse which pass a 
given point not simultaneously but in succession. The 
number of reflections undergone by the pulse denoted by 
a term of the series is different for each term. 

Ordinary analysis yields an equivalent series of terms, 
but these are treated as simultaneous quantities and as 
mere numbers which can be added together so as to 
merge into a single one. For most purposes this leads 
to correct results. The original pulse is only the first 
of a sequence, the membei’s of which under steady 
current conditions all have the same strength. The 
reflected pulses passing a point at a given instant, 
although not due to the same initial pulse, are exactly 
the same as if this were the case. Each pulse may affect 
matter on which it falls, and the joint effect on a portion 
of matter of a number of such pulses appears to be the 
same as that of a single pulse equal to the vector sum 
of all the pulses simultaneously acting on the matter. 
So far as the effect on matter is conceimed the pulses 
can be added together as vectors, but, if these vectors 
represent physical entities which are individual and 
independent, the physical facts are obscured by adding 
the pulses and merging them into a single one. More¬ 
over, such procedure can readily be shown to be incon¬ 
sistent with energy considerations if we apply to a small 
element of volume the energy principles denoted by the 
words " conservation ” and “ localization.” 

The conflict between the various views is a little 
curious. Mathematicians, with few exceptions, treat the 
waves as waves of number only. Heaviside took for 
granted the physical existence of waves consisting of 
sequences of individual electromagnetic sheets, each 
moving with the velocity of light, and each suffering 
reflection at every material surface it met. There is no 
reason to suppose that such reflections can cease if the 
source of the fluxes becomes fixed at some steady value, 
even if this value is zero. On this point, however, 
Heaviside's writings are not always clear and consistent.! 
He seems inclined to take the view which even now 
seems to be the one most commonly held, that when the 
current becomes steady the fluxes become static. One 
must bear in mind that Heaviside’s work was not con¬ 
cerned with steady current conditions. He was interested 
only in the initial state of the current and paid next to 
no attention to steady states. 

* The precise definition; and the mathematical properties, of E.(ca), and also 
of its derivative 39jS'{a;), will be found discussed in “ Impulse Functions,” and in 
“Index Operators.” (See Philosophical Magauim, 1931, vol. 11, p. 346; and 
vol. 12, p. 201.) 

t See “Electromagnetic Theory," vol. 1, p. 310. 
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An electric current lias always been looked upon as a 
Idnetic phenomenon, yet the first suggestion that under 
steady current conditions the fluxes are moving in space 
and carrying their energy with them, is to be found in 
the writings of Poynting. The velocity of movement 
of the Faraday tubes was in certain cases actually 
calculated by Poynting, but he could not credit, or 
explain, the result arrived at. His physical conceptions 
are suggestive of optical processes, yet he makes no 
allusion to light, or to the possibility of reflections 
involving superposed fluxes. When Poynting’s theorem 
was published Maxwell’s theory was still devoid of direct 
experimental evidence. At that time the theory was 
not very widely held, and, indeed, except in this country, 
was not regarded with favour. Fluxes under steady 
current conditions were looked upon as static. Poynting 
was contesting normal views when suggesting the quite 
new idea of a steady stream of fluxes. It was too soon 
to think about superposed streams. 

Heaviside, on the other hand, pointed out that the 
echo-action of reflections was the root cause of the 
failure of high-speed electrical signallmg. He spent 
much of his life in studying the conditions under which 
the coefficient of reflection could be made negligible. In 
general his views suggest the idea that the electrical 
engineer has been a radio engineer all his life without 
knowing it. 

The mathematics of the matter, given below, involves 
analysis based on assumptions. It wijl be found that 
the analysis is a straightforward example, of Heaviside’s 
methods, involving no new point except in the sense 
that it is applied to a new case. The assumptions made 
appear to involve merely the application, in a new region, 
of principles whose truth is already recognized. Before 
dealing with them it is desirable to point out certain results 
which follow from the assumption, tacitly made in the 
proof of Poynting’s theorem, that the flux system is 
single. Some of these results are striking, and do not 
appear to harmonize with Maxwell’s theory. A most 
startling result was set forth by Poynting himself in his 
1885 paper. He offered no explanation of it, and no 
one appears to have paid any attention to it. 

(3) Single Flux Transmission. 

In a wave of light Hg and are always perpendicular 
to each other, and the ratio of their magnitudes is con¬ 
stant and corresponds with equal electric and magnetic 
energy-densities Tg and Pojmting did not assume 

that either of these relations was necessarily true in 
cases of electrical power transmission. With light the 
velocity of each flux is the same and is fixed in amount. 
In Po 3 mting’s general case the velocities Fg and Vm 
-of the electric and magnetic fluxes are normally different 
from one another and vary from place to place. 

Poynting showed how to calculate the values of 
Fg and F^ at the surface of a long straight conductor 
traversed by a constant current. He showed that them 
values depend only on the radius r of the wire, and on 
its specific resistance, taken as 1 642 electromagnetic 
units. His formulse, quoted from the 1885 paper,* are 

Fg = 2 X 9 X lO^TTr/1 642 and F^ = 1 642/(2w/rr) 

*' J. H. Poynting, “ Collected Scientific Papers,” p. 202. 


The permeability /j, must be taken as unity. Poynting 
does not appear to notice that where 

?> = 3 X 10^0, and he says nothing about numerical 
values. For a wire of 1 cm diameter r = 0 • 6 and 
Fg = 57*3 X 10®u, or nearly 60 million times the 
velocity of light. Poynting did not credit the result 
and said that " of course these velocities are purely 
hypothetical.” He offered no explanation of them, 
and passed on to illustrate the flow of electric tubes in 
certain simple circuits. 

Now such a result must have some meaning, and merits 
further attention. The electromagnetic laws* as ar¬ 
ranged symmetrically by Heavisidef can be stated as 
follows:— 


Bg — eHg Bjjj —' fnUjn . . (1) 

VB7= 0 = 0 . . (2) 

rg = i-HgBg . . {3) 

The fourth law can be put in two forms :■— 

[VHg] = - [VH^] = + Bg . . (4c) 

Hg=[BAi H^= [VgBg] . . (4v) 

The Poynting flux is 

Bern — • • • • • (u) 

It readily follows from (1) and (4'y) that Hg is perpen¬ 
dicular to Hto, and that Vg- is parallel to each being 
perpendicular to both of the vectors H. Poynting did 
not acknowledge that the two H vectors were alwa.ys 
at right angles. He acknowledged that the laws (4c) 
and (4v) were each true and necessary, but he did not 
regard them as complete or sufficient. 

If we take a case which is symmetrical' about an axis, 
it is alwa,ys true that the H vectors are perpendicular. 
In any such case it can readily be shown from the above 
equations that 


YeVm = = Wrn) . . . . . (6) 


VgTg =VA 

Pg)K = V^Tg H- ’Vrtfl'm 


(7} 


Thus the Poynting flux consists of two equal parts, one 
of electric, the other of magnetic, energy. Each flux 
moves on carrying all its energy with it; but the velocity 
of each flux is inversely proportional to the corresponding 
energy density. If the velocities are equal to each other, 
each is equal to v. In all cases we have 


Fg = vV{TM F^ = vV{TelT^) 1 
Fg mHi ( 

Vn, eHl T, 



With a steady current system, assuming that the fluxes 
are single, it is easy to calculate at certain points the 
ratios Hq : Hm and Tq ; The velocities follow from 
equations (8). 

» The notation, the fonnulie, and the vector methods, used in this paper are 
the same as those used in the Kelvin lecture on the work of Oliver Heaviside 
(Journal I.E.E., vol. 71, p. 837) and also in "Electromagnetic Waves and 
Pulses ” (Philosophical Magazine, 1932, vol. 13, p, 1049). 
t/owfK«I1982, vol, 71, p. 889. 
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Consider the case of a concentric cable conveying a 
current of 100 amperes from a generator G at 1 000 volts 
to a load L taking this current at 900 volts, the voltage 
drop in each lead being 50 volts. In Fig. 3 let A A' be 
the axis, the values of the radius being 0-5 cm for the 
inner lead, and 2*0 cm and 2 • 236 cm respectively for the 
outer one. The two leads, if of the same specific resis¬ 
tance (taken to be 1 642 e.m.u., as in Poynting's case) 
will then have the same resistance. There will be a fall 
of 1 volt per 4 760 cm of cable, and the length gl (see 
Fig. 3) for a total drop of 60 volts will be 2 ■ 38 km. The 
ratio : Hq can easily be calculated at any pouit on the 

surface of either lead and also at the generator, assuming 
the ordinary static distribution of potential between the 
two leads at the generator end of the cable. The fore¬ 
going relations and data yield results as follows:— 

At the inner conductor = 57- 3 X lOS 
At the outer conductor Fg — 14-3 x lOS 
At the generator Fg = 8 • 24kV 

The corresponding values of F^ follow from equation (6). 

By equations (8) the ratio is the same as the 


C 



square of Vg : v, so that the energy densities* in the 
above three cases are respectively in the ratios 

3-3 X 10^® ; 2 X IQi^ ; 69-5 

These results follow from the assumption that the fluxes 
are single. If the facts correspond with superposed 
light waves we have = Tg for each wave, and thus 
also for the superposed system. 

The above velocities will not be credited as real, yet 
they seem to be quite consistent with the movement of 
the fluxes. 

Suppose in Fig. 3 that 1 000 electric level surfaces are 
constructed, one for each volt from 0 to 1 000. These 
will all be surfaces of revolution about A A', and, in the 
plane of the paper, can be represented by lines leaving 
the radius at the generator at points having the cor¬ 
responding potentials. The inner 60 will drop into the 
central lead. The outer 50 will fall into the outer lead. 
The middle 900 will pass along the 2-38 km of the cable 
from generator to load without touching either con¬ 
ductor, so that the lines representing them, and also the 
Poynting flux, will be all essentially parallel to the axis. 
Each line of Hg must be perpendicular to every surface, 
so that it will be radial at the 900 inner surfaces, but each 
end of it must bend round towards the generator asymp- 

* Only the moving fluxes are concerned. With constant current all voltages 
me fixed, and there must be static electric fluxes which are not concerned with 
the moving ones, and are outside the present problem, like the magnetic fluxes 
due to a fixed permanent magnet. 


totically to the conductor so as to reach the generator 
either at the 1 000-volt point or at the zero-volt point 
without touching the conductor anywhere (see also 
Fig. 6). 

Let and in Fig. 4 denote any two electric level 
surfaces, and let H, H', be two lines of He which are very 
close together, their distances apart being dj along Cj 
and dg along eg. Let the distance from the axis AA' 
be 2 /j for d^^ and for dg. Distinguish by an extra 



suffix, s = 1, or s = 2, corresponding quantities for the 
surfaces and e^. 

Each of the expressions 2TTysdseHgs and ^rrysHms 
must have the same value for s = 1 or 2. This follows 
in the first case -from continuity of the flux, and in the 
second from the law of the magnetic circuit. Moreover, 
the equation = Vg^eHgs given by the vector law 
(4u), must be true whether s = 1 or a = 2. From these 
equations it readily follows that 

^i/Lei = • • • • (9) 

This means that the time taken for a point on the line 
Hg to reach the corresponding point on the line next 



2-38 km --.>• 

Fig. 5. 


ahead of it is the same fo r each point on the line. It also 
means that each point on the line Hg reaches the con¬ 
ductor or load at the same instant, since a line drawn 
from the generator along the bounding surfaces of the 
outgoing lead, the load, and the return lead, back to the 
generator, is one of the Hg lines. The first result is what 
one expects if the fluxes are moving and yet represent 
what is called a steady state. The second harmonizes 
perfectly with Poynting’s measure of current, as the 
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rate at which the electric lines enter the conductor. 
In a steady state this rate must be the same all round the 
circuit. Such a result does not hold if the cui-rent is 
changing, so that its strength varies with the part of the 
conductor considered. The Hg line will then lie partly 
in the conductor and partly in the dielectric, and more¬ 
over there may be energy losses in conducting matter 
isolated in the dielectric. If the currents are steady 
the Hg line is wholly within the conductor or wholly 
within the dielectric. Under such, conditions there are 
no dielectric currents. 

The Hg lines of Fig. 3 cannot be made clear on a 
drawing made to scale; but are indicated in Fig. 5. 
The boundary of the dielectric is afed, and a typical Hg 
line aghd, while ce and bf denote electric level surfaces 
for 50 and 950 volts. The line integral of Hg is 1 000 
for every complete line joining the poles ad, and is 900 
for the portion gh. The length of is 1 • 6 x 10*^ in 
terms of ad, while ah and cd are respectively 2 per cent 
and 10 per cent of ad. 

Each Hg line emitted from G takes a form which 
becomes more and more like that of the bounding matter 
which it is approaching, and reaches this boundary 
everywhere at the same instant. Now though the 
closed circuit regulates the output of the tubes it does 
not affect the e.m.f. Each of these tubes represents a 
sheet the Hg lines of which are tied to the poles ad. 
The shape of the moving sheet, though it may depend 
on matter which has been left behind, cannot depend on 
matter ahead and not yet reached. Everything seems 
to suggest that the Pg^, solution, though it may be mathe¬ 
matically true as regards the energy distribution to 
matter, gives a misleading picture of what is actually 
happening in the dielectric. 

The values found for Vg and ci^re incredible as 
physical entities, but they seem to yield results in 
accordance with the facts. The question arises whether 
we are dealing directly with physical entities, or with 
some mathematical and composite picture of them. If 
the flux system is not single, the quantities He, and 
Pern, although derived in a definite way from similar 
quantities denoting real entities, do not themselves 
represent real quantities. Their existence is only mathe¬ 
matical, and a mathematical abstraction can move at 
any pace. 

(4) The Radiation Assumption. 

The physical assumption which we make, and which, 
in conjunction with Maxwell’s theory, appears to define 
the mathematical problem to be solved, is as follows. 
Under steady current conditions, with all matter relatively 
fixed, each travelling electromagnetic disturbance moves 
and is reflected just like a ray of light, and possesses the 
same characteristics, including those of individuality 
and independence. Each such disturbance behaves as if 
others were non-existent. It can be looked upon as a 
sequence of fluxes such that as each member passes 
a given point it is succeeded by another exactly like 
itself. An endless number of such sequences may be 
superposed, yet the electrical conditions at any point 
remain constant in time. 

: It would be a mistake to suggest that there is any¬ 


thing new about an assumption when this appears to 
be covered by other assumptions the truth of which is 
invariably taken for granted, and which in age are more 
venerable than any theory of electricity. The inde¬ 
pendence of light waves is a'principle which dates back 
to Huygens, and has always been regarded as obviously 
true. Broadcast telephony has added most convincing, 
though possibly needless, confirmation of it. Yet the 
individuality of light waves does not appear so striking 
when the waves cross each other’s paths, as when they 
travel along one ray in the same, or in the opposite, 
sense. Two aerials however far apart can be used 
with success to transmit simultaneously in each direction 
a large number of independent messages, some by tele¬ 
graphic signals, others by telephonic ones. All these 
signals traverse the same path, and this may involve many 
reflections from the Heaviside layer. The complicated 
arrangements of the transmitter and receiver have nothing 
to do with the mode of propagation of the waves through 
the ether. The waves must superpose, yet must still 
retain their separate individuality. If it is thought 
imaginative to suppose that two simple streams of equal 
fluxes can cross each other without disturbance, how 
much more imaginative it must be to suppose that the 
highly complex waves from each and every point on a 
star can travel along the same ray to the earth without 
merging into a single wave and without being disturbed 
by waves from other stars. 

If we consider the case of two electrical circuits, 
though telephone engineers know to their cost that 
such circuits can influence one another if the currents 
are changing, yet, if the currents are constant, the 
engineer of either circuit can calculate how its energy is 
distributed without reference to the flow of energy in the 
other, and can rely on the fact that it is the same as if 
the current in the other were zero. If the fluxes of each 
circuit are moving, these fluxes must cross each other 
in the dielectric. The principle of superposition must 
hold, yet individuality must be retained. It is the 
habit of combining the flu'xeS' in a special way which 
appears to be at fault. Two vector quantities of the 
same kind may each represent something real, but it 
does not follow that the sum of the vectors represents 
anything real, however useful the new vector may pos¬ 
sibly be for mathematical purposes. At any point in 
the joint system there is a Poynting flux due to each 
circuit, and each represents a real flux of energy in the 
appropriate direction. The vector sum of these fluxes 
represents nothing real, and the corresponding direction 
of energy flow is incorrect. If the fluxes really combine 
one circuit must influence the other however steady the 
two currents happen to be; but it is taken for granted, 
and is known to be true, that no such effect takes place, 
whatever the relative value of the two currents, and 
hence whatever the relative value of the two correspond¬ 
ing fluxes at a particular point. 

One point about the assumption mentioned above 
concerns the reflection of disturbances, and may seem to 
involve the properties of wave motion, and of matter. 
Actually all that is assumed is that like causes under like 
conditions produce like effects. If a sequence of incident 
disturbances gives rise to a sequence of reflected dis¬ 
turbances .Hg, although the strength and polarization of 
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Dg may differ from those of D-^, yet, if each member of 
the seqnence D-^ is the same, so will be each member of 
the sequence D^- 

Heaviside has stated his views Of radio-waves* clearly 
and briefly. He says, " Electric telegraphy is done by 
means of electromagnetic waves through the ether 
differing in no essential respect from radiation from the 
Sun.'-' A wave is looked upon as a sequence of individual 
electromagnetic sheets or “ slabs.“ Thei'emay beany 
number of slabs of the above land, separated, or in con¬ 
tact, of any depths and any strengths. ... If and 
H do not change in direction from one slab to another, 
the radiation is plane polaidzed. .’ . . The direction of 
E (and with it that of H) may vary from slab to slab 
in any way we like. . . . The disturbance is vibratory 
in solar radiation, but dn 'telegraphy this is not neces¬ 
sary. . . . We may have waves in which E and H do 
not change at all. It is the progression through the 
ether that is the wave, not accidental vibration.” 

There is nothing in Maxwell’s theory to suggest a 
difference in the mode of propagation with change of 
frequency as we proceed from waves of. ordinary light 
to those used in radio-telephony, to those involved with 
alternating currents of commercial frequencies, and to 
Others in which the frequehcy is so low that the cor¬ 
responding current is essentially steady. In all cases 
there must be reflections. The sequence of equal pulses 
associated with steady current conditions is not in 
conflict with wave motion, but rather illustrates its 
nature in the case'of light. Suppose the e.m.f. of the 
generator switched on to the cable shown in Fig. 3 is 
alternating at a frequency of 1 cycle per century, and 
that after 1 minute it is switched off. The time taken 
to establish the steady state, has nothing to do with the 
frequency or wave-form of the generator. It is deter¬ 
mined by the free oscillations of the system, not by the 
forced ones. For the cable in Fig. 3 this time is cer¬ 
tainly less than 1 second. Thus for ■ 59 seconds the 
steady state, holds. The portion of the wave concerned 
is the ratio of this time to 100 years, or 1 to 5 X 10'^. 
The wavelength, of 100 light-years,' is greater than the 
distance of the fainter stars, and can have little to do 
with a problem confined to a cable less'than 2| km long 
and less than 5 cm in diameter. Any wave motion that 
occurs is devoid of a single wave and is best described 
as a sequence of Heaviside pulses. If there is any 
minimum depth natural to these pulses it is probably 
excessively small, f but, even if it is as much as a milli¬ 
metre, the generator emits 3 x 10^^ of them per second, 
and all of these are essentially Of the same strength. 
Each pulse traverses the length of the cable about 10® 
times per second, so that, even if the reflections only 
occur at the ends of the cable, each point in the dielectric 
is traversed simultaneously by pulse sequences, the 
number of which is immense and is: continually increasing 
while the generator is in action. Since reflections occur 
all along the cable the Poynting fluxes at any point ai-e 
even more numerous, and involve all directions of flow. 

Maxwell’s equations can as easily be used to explain 
the movement of a single pulse as that of a sequence of 
complete waves. The subject of pulses is, moreover, 

* See “Electromagnetic Theory,” vol, 3, p, 333 (an article On telegraphy 
reprinted from the “ Enoyolopa3dia Britannica,” 10th edition), 

\ Philosophical Magazine, 


I not entirely devoid of experimental evidence. No one 
supposes that the velocity of light in the ether depends 
upon frequency. Experimental proof may not be very 
complete, but astronomical facts are held to give satis¬ 
factory confirmation. If the velocity is independent 
of frequency it must be independent of wave-form, and 
this wave-form may correspond with an isolated train of 
pulses or even with a single pulse. Experiments on 
short trains of pulses have been made. The earlier 
forms of radio-telegraphy, using spark discharges, dealt 
with an isolated train of highly damped vibrations, each 
train being a few wavelengths long. More recent tests 
have been made b 3 ;^ Appleton and others, on reflections 
from the Heaviside layer, using the cathode-ray oscillo¬ 
graph, and ” pulse generators ” emitting short p)ulses 
lasting only for 0-0001 second, though still several wave¬ 
lengths long. The striking experiments of Quack on 
round-the-world echoes show that an isolated train of 
pulses is propagated just like a continuous sequence of 
waves of light. In particular the numerous tests on 
atmospherics conducted under the general supervision of 
the Radio Research Board* seem to show that many of 
these impulsive disturbances are, in the main, undirec- 
tional in character. They give experimental evidence 
in favour of the view that an isolated unidirectional 
pulse travels, and is reflected, just like a complete wave, 

A good illustration of some of the pomts above referred 
to is to be found in a striking paper by Zworykin entitled 
“ Television with Cathode-Ray Tubes.”! Tig- 21 of 
that paper is reproduced here as Fig. 6. The three 
independent sets of radio signals transmitted from 
aerial to aerial consist of the highly complex wave (B) of 
the picture signal, and two sets of impulses C and D, 

' needed for S3mchronizing the horizontal and vertical 
deflecting apparatus used for scanning the picture. 
Each set of synchronizing signals is due to a " saw-tooth 
generator ” involving a special arrangement of con¬ 
denser and discharge tube, and producing periodically 
what are essentially miniature lightning flashes or 
a-femospherics. During most of the cycle the .generator 
voltage is minute and positive, but for a small fraction 
of the period it is large and negative. Each signal is 
transmitted like an atmospheric, affecting the receiver 
in spite of any tuning or detuning of the circuits. It 
travels with the carrier wave but maintains its own 
individuality. It neither influences, nor is mfluenced by, 
the modulation of the carrier wave due to the picture 
signals. It is produced by the apparatus accessory to 
the cathode ray used for scanning the picture at the 
emitter, and controls the scanning of the cathode ray 
producing the picture at the receiver, but it does not 
affect the lighting of the parts of this picture. It is one 
of a set of pulses which are essentially unidirectional. 

It is pointed out that even "the irregular-shaped 
picture signals . . . are often unsymmetrical about the 

• Refereriice should be made to the Reports of the Board for 1929 (pp. 90-91), 

, and for 1930 (pp, 28, 31j and 58-03). The extraordinary wave-forms given, on 
page 91 of the first Report imply that the disturbances are not only of very short 
duTfition, but also that many of them are in the main unidirectional in character; 
On page 31 of the 1930 Report tests are given of the “ eqiiivalent path ” of the 
radio-waves directed upwards and reflected back to earth by the Heaviside 
layer. This path is found to be (a -f S/), where a and j3 are constants and/ 
is the frequency of the waves used. Tests were made with values of/_ varying ' 
from 800 to 3 000 kilocycles per second. The linear relation was verified, the 
value of (8/ being in all cases much less than a. Extrapolation is always doubtful,, 
but the.simplest inference from this result is that if tests could be made with, 
/=« 0, the equivalent path found would he a. 

" t Joitfnal l.E.E., 1933, vol. 73, p. 437. 
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axis, usually being more positive than negative. Both 
synchronizing signals are arranged to have their peaks 
on the negative side of the axis.” The “ difference in 
wave-shape is utilized at the receiver for the purpose of 
separating these two synchronizing signals.” ” A simple 
filter in each of the input circuits of the two deflecting 
units gives satisfactory discrimination against undesired 
synchronizing impulses. The plate circuits of both 
dynatron input tubes contain circuits approximately 
resonant to the operating periods of their respective 
deflecting circuits, thus aiding in the matter of selectivity. 

The modulator is not described. Apparently each 
set of signals passes through it. Now it is only too 
well known in broadcast telephony that impulsive dis¬ 
turbances, like atmospherics, can get through any 
combination of coils, condensers, and electron tubes. 
Resonant conditions, and impedance formulas, only 


it has been given up to the matter. This also holds for 
the Poynting vector solution. An equivalent solution 
in terms of superposed Poynting vectors must similarly 
be independent of any after-history of the energy 
delivered to the matter. The problem is thus a dielectric 
one, independent of the behaviour of matter, provided 
that the reflected waves are taken into account. The 
analysis must, however, involve volume integrals 
through spaces containing matter, and it becomes 
necessary to formulate mathematical assumptions bo 
cover the interchange of energy between the fluxes and 
the matter. 

We adopt the views''- of Poynting in reference to 
(i) the electric current and (ii) the energy and mode of 
propagation of induction tubes. We also adopt the 
development of these ideas due to Sir J. J. Thomson. 

Poynting supposed, as illustrated in Figs. 3 and 5, that 



(B) Sectioa;.of picture signal (expanded). 


( C) Horirontal synchronizing impulses. 



Fig. 6. 


(D) Vertical synchronizing and rcturn- 
line elimination impulse. 


(E) Complete signal; (B) + (C) + (D). 


apply to the cyclic state, or to such a state when suc¬ 
cessive amplitudes are slowly changed by modulation 
like that due to the picture signals. The modulation is 
not affected by the impulsive signals, each of which must 
be radiated from the aerial independently of the others. 
Such signals consist of isolated pulses, and there seems 
no reason to suppose that they differ from light either in 
physical nature or in mode of propagation. 

(6) The Local-Impulse Assumption. 

The mathematical assumptions we shall make are 
embodied in the following statement. Under steady 
current conditions, with all matter relatively fixed, 
Be and Bm are zero except in the very close neighbour¬ 
hood of the mass-points giving rise to them. In all 

cases Be and B^^ are circuital vectoi's. 

The ordinary solution of a steady current circuit 
specifies the way in which the energy is distributed to 
the circuit, but is not concerned with this energy after 


the generator emits induction tubes into the dielectric, 
through which they pass until they enter the conductor. 
The number of such tubes which enter the conductor per 
second is the current J, If the e.m.f. of the generator 
is E, its power output is El, so that E represents the 
energy of each induction tube. Sir J. J, Thomson 
suggested the idea of ” unit tubes,” which we shall call 
" elements,” The number of elements in each induction 
tube is measured hy E. If the unit tube, or element, is 
deprived of its energy it closes up to a ring of infinitesimal 
size. If the closed ring is energized it is opened out, the 
associated quantity of energy being a fixed natural unit 
the same for each element. 

This definition of current is only a mathematical 
measure of it in terms of induction tubes. It suggests 

* See the 1884 and 1886 papers of Poynting {Philosophical Transactions of the 
Royal Society, 1884, p. 343, and 1886, p. 277); and also Poynting’s “ Collected 
Scientific Papers," pp. 172, 224 (‘‘The Discharge of Electricity through an 
Imperfect Insulator"), and 271 (“Molecular Electricity"). The last paper 
“may he regarded as a theory of the conservation of induction tubes, and of 
their beginning and ending on atoms.” The developments due to Sir J. J. 
Thomson are given in the early pages of his “ Recent Researches in Electricity 
and Magnetism," 1893. 
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nothing as to the physical nature of current. Poynting’s 
view was that the induction tube, when passing through 
matter, could give up its energy to the matter, and 
vanish in the act. In terms of Thomson unit tubes the 
induction tube could split up into its elements, each of 
which could deliver up its energy po the matter, and by 
so doing could close up to infinitesimal size. If an 
element is energized its energy is fixed, but not its length. 
What Poynting called the " energy length ” of a tube 
was not its length, but the energy of its length, and was 
a measure of the number of elements within it, such 
elements giving the tube a cellular structure. 

Poynting’s words were " the wire is not capable of 
bearing a continually increasing induction, and breaks 
the tubes up, as it were, their energy appearing finally 
as heat.” " May we not say that the tubes are dissolved ? 
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The term seems to suggest that the induction is not 
destroyed, but only loses its continuity.” 

Under steady current conditions all quantities must 
be constant. The rate at which lines enter the con¬ 
ductor must be equal to the rate at which they vanish 
within the conductor. The latter process represents 
the physical nature of the current, yet the former rate 
may be used as the numerical measure of the current, 
since the two rates are equal. The density, of the lines 
remains constant within the conductor, and it is to be 
noted that a particular line does not necessarily disappear 
the instant it enters the conductor. 

If by Be we always mean the net rate at which lines 
enter the unit area from outside, Bg can always be con¬ 
sidered to be the current density, whether in the dielectric 
or in the conductor. In the dielectric it is zero under 
steady current conditions, but not if the currents are 
changing. Under the latter conditions lines may enter 
the conductor at a different rate from that at which 
they vanish within it. These ideas work out consisteptly. 


but there seems no need here to go into details. In 
the main such consistency was explained in Poynting’s 
original paper. 

For present purposes it seems possible, without undue 
straining, to develop the foregoing ideas a stage further. 
Suppose, as depicted in Fig. 7, that the electric tubes T 
are moving at right angles to their lengths, with a 
velocity v, through a region containing matter. Dis¬ 
tinguish three parts, a, p, 7, of this region as shown 
separated by the dotted lines. We assume: (i) that in 
the region a, although there may be matter, this matter 
at the moment is in an inactive state and does not 
affect the tubes or lines T; (ii) that the region p is very 
close to the mass-points P, in the region 7, denoting 
matter which is in some way polarized and in a con¬ 
dition to absorb energy; and that the tube E in 
separates into its elements; and (iii) that each element 
of E in P closes up impulsively round the corresponding 
mass-point in 7. The lower part of the figure is intended 
to picture this process, looking at the lines end-on. 

Modern theories of matter suggest that its ultimate 
particles are excessively small compared with the 
distances which separate them. Mathematically these 
particles can be regarded as points, which we may call 
mass-points. They are supposed to exist in different 
energy states. The change from one state to another is 
regarded as impulsive, so that it lasts only an infinitely 
short time, during which the mass-point must act either 
as a source or as a sink of energy. These views do not 
appear to conflict in any way with those due to Poynting 
and Thomson, in accordance with which mass-points 
can absorb, or emit, Thomson elements. The process 
indicated in Fig. 7 is easily imagined reversible, A 
battery or generator may act by polarizing its mass- 
points, so that they are able to energize closed tubes into 
elements, and to line them up and emit them as tubes. 

Now consider the induction density B (whether or 
B^) in the regions a, 7, of Fig. 7. In region a the 
value of B is unaffected and under steady current con¬ 
ditions is constant, so that B is zero; but in regions 
^ and 7 it seems natural to expect that the impulsive 
change of the element in ^ to the closed tube in 7 must 
disturb locally the flux density B, and that in these 
regions B cannot be assumed zero. It is, however, a 
natural inference that B differs from zero only in the very 
close neighbourhood of the mass-point giving rise to its 
existence. For present purposes this is the important 
part of the assumption we make. That B is always a 
circuital vector follows from assuming (i) JVEaxwell’s 
principle, that currents always flow in closed circuits, 
and (ii) that the principle holds however small the 
dimensions of these circuits. 

(6) Summary of Results. 

With the aid of the assumptions that the current 
density B is always circuital, and that under steady 
current conditions it is zero except in the very close 
neighbourhood of the sources or sinks of energy; it is 
possible, as shown in Part 2, to justify the following 
statement. 

Under steady current conditions, with; aR ,m^ 
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relatively fixed, the transmission of energy in an electrical 
circuit takes place by a superposed system of radiation 
fluxes, each flux having all the properties of a flux of 
light. The distribution of energy to the circuit by 
these fluxes is the same as that given by the Poynting flux. 

This may be expressed mathematically thus. If the 
radio-waves associated with a steady current system of 
distribution are typified by 


He., Urns. P. = [He.EL.], 


and if 


He = NH, 


■es> 


H 


•m 


P, 


em 


[HeHU]. 


then, for any completely closed surface of which da is 
a vector element, 


UTemda = SJjPaC^a 
8 


or 




( 10 ) 


representing the polarization of the mass-points at the 
source, the He lines proceeding from pole to pole as 
in the generator of Fig. 3. Such a sheet cannot be 
symmetrical about every line through the point. To 
get such a result we must assume systems superposed. 
Strange as it may seem, it is conceivable that the further 
study of the steady current circuit may help to explain 
what is happening at sources of light, and also what is 
happening when radio-waves converge on matter. 

PART 2. 

(7) Assumptions and Theorems Used. 

It will be convenient, before dealing with the analysis, 
to collect the mathematical assumptions made, and the 
chief theorems required. The physical assumptions about 
fluxes form no part of the mathematical problem. They 
simply help to define it. 


A similar proposition is true, as a time average, for 
cyclic current conditions. 

It is to be noted that we have definitely excluded from 
consideration what happens while the conditions of the 
circuit alter from one steady state to another. In each 
of these states there are static electric fluxes with energy 
represented by Maxwell electric cells. How this energy 
changes between two such states is not here considered. 

Static fluxes seem to involve complexities as great as 
those due to moving ones, and may possibly be con¬ 
nected with the way the energy is guided by the circuit 
to the load. This guidance is said to be explained by 
means of the Poynting flux Vem- The explanation is 
mathematical rather than physical. Can a formula, 
however precise, really explain anything physical ? An 
explanation in terms of superposed fluxes P., each having 
the properties of light, is even more difficult, and is not 
here attempted. We have assumed the individuality of 
fluxes, but we have also assumed continuity, so that each 
flux forms part of an electromagnetic sheet. The pulses' 
in the sheet are controlled in polarization by the lines of 
He and H^. The sheets are independent of one another, 
but the pulses in the sheet must conform to the properties 
of the sheet. Each sheet is a net the meshes of which 
are formed by the He and Hm lines, and the crossing of 
these lines represents the polaiized Bg and B»i fluxes of 
the pulse. The pulses are not affected by matter in a 
way describable as direct action at a distance, but are 
yet controlled by the He and ’Em lines, the former of 
which presumably extend to matter. When a sheet is 
incident on matter it splits up into a transmitted, and 
a reflected, sheet, each of the three sheets being bounded 
on the matter by a closed line the area defined by which is 
continually increasing. However difficult it may be to 
trace what happens, it seems that the sheets and the 
corresponding fluxes must be controlled by the matter. 
The energy of the reflected sheet is less than that of the 
corr&ponding part of the incident one, and, after con¬ 
tinued reflections, must be reduced to zero. The matter 
of the closed circuit must ultimately receive all the energy. 

A point source of light is supposed to emit radiation 
symmetrical about any line through the point. An 
electromagnetic sheet may be symmetrical about a line 


The mathematical assumption made is that' 
under steady current conditions Bg and B^ a-re 
each zero except very close to the mass-points ^ 
giving rise to them. In all cases they are cir¬ 
cuital vectors. 


( 11 ) 


We shall use the ordinary properties of vectors, and 
in particular the theorem—true for any two vectors 
a and p— 

v'[aP] = P[Va] - a[Vp] . . . (12) 

we shall also want the divergence theorem 

j-jfS; = .... (13) 

where F is a vector surface density, and da is a vector 
element of a surface completely enclosing a volume v 
of which dv is a scalar element. 

If F is a circuital vector, VF is zero and each integral 
vanishes. It follows that:— 


If C is a circuital vector, tubes formed with " 
lines always parallel to C are in all cases re- . 
entrant. The surface integral of C across any ’ ' ' 

such tube is constant for every section of the tube.. 

It follows from (14) that if dv is an element of volume 
of a thin re-entrant tube, whose vector length is dX 
measured along the tube, the vector Cdv is JcdX, where 
Jc is a constant for the tube. The integral of this vanishes 
as a vector for the complete tube, and since the whole of 
space can be portioned out into such tubes, we have, 
for any circuital vector, 

J/JCcZ« = 0.(15) 

as a vector summation for the whole of space. If F is 
a vector which does not vary with position we have a zero 
value for the scalar integral 

JJJTOu = F/JJCcZi; - 0 

This will not hold in general if F is a vector function of 

• * 

poshion; but if C is either Bg or B^ in the sense of 
(11), so that it is zero except in the very close neigh¬ 
bourhood of the mass-point to which it is due; and 
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if F is a vector function of position which is not dependent 
on the value of C, the above integral must vanish, 
because C is in general zero, and only exists in a very 
small region throughout which P can be assumed 
invariable. 

m • 

It follows that if Bg.? and are circuital vectors 

due to the action of a mass-point s, and of zero value 
except very close to the point s, and if Hgf and are 
vector functions of position associated with a mass-point 
r, and independent of what is happening at the point s, 
we have, as scalar quantities, 

!Jj}ler%n.dv = = 0 

nmmrBesdv - = 0 

These results will not follow if the mass-points r and s 
are the same. In such a case the values of H and B 
are connected. The integrals are still confined to the 
immediate neighbourhood of the corresponding mass- 
points, but, as shown later, determine the rates at which 
energy is being taken in at, or sent out from, the 
mass-points. 

(8) Superposed Steady Streams. 

We are now in a position to show that the known 
distribution of energy in steady current systems of 
supply is the same as that which results if the generator 
is assumed to act as a system, of mass-points emitting 
a stream of electromagnetic pulses all of equal strength, 
of constant polarization, and with all the properties of 
light. Owing to reflections a superposed system of 
streams results. Let one of a superposed system of 
such streams be denoted by the constant vector functions 
of position; Hgs* and ~ [HgjHjjjg]. Since 

each stream has the properties of light,* 

VHgy = 0, VHms ~ 5 

%Mms = 0 , eB-i = 

Since away from the mass-point the stream is steady, 

Bgg = 0, B}jj,5 = 0 . . . . (18) 

It follows that 

= 0, ■ [VH^J = 0, 0 . . (19) 

shice the first two relations follow from the circuital 
law (4.c), and the third from (12) by putting a ~ Hes. 
(3 — 3,nd using the two relations just found. 

We can define a single mathematical system of forces 
and fluxes by the equations 

Hermes. 

s s 

As has been previously explained, what we have to 
show if 

T = Pern Po-.(21) 

* It may be well to point opt that the fourth relation in (17), referring to the 
equality of the electric, and magnetic energy densities, is not actually marie irse- 
of.in the analysis which follows. 





is that T is a circuital flux. This can be done, in spite 
of the presence of matter, by assuming (11) in the form 
stated in equations (16). 

From simple superposition with the aid of (17), (19), 
and (20), we have, for any region free from matter, 

^ = 0, = 0, ^ = 0 

___ >• . ( 22 ) 

[VHJ = 0, [VH^] = 0, - 0 J 

The proof of the last relation involves the use of (12) 
with a = He, (3 = Hot, etc. 

It is to be noted that we do not get either HeHm = 0, 

or eHe = Moreover, while for any region free 

from matter we have a zero value for each of the quan¬ 
tities yP^., yPo-, yP(,OT> ^.nd yT (the last following from 
the use of equation 21), such results do not hold at any 
mass-point acting as a source or sink of energy. At any 
such point s the value of yP^. reduces to that of y^, 
and each is the rate of output, or input, of energy at the 
source, or sink, s. 

Now let us consider the surface integrails f fPemda and 
taken over any completely closed surface of 
which da is a vector element. Let us define a quantity 
Z by the equation 

fjPemdo = Z + J/Pcxda . . . (23) 

so that from equation (21) we have Z = fjTda. We 
have to show that 2?,is zero. 

From equations (20), using elementary vector proper¬ 
ties, 

r 3 

where r and s can each have all values, including cases 
for which r ~ s. 

Po- represents the same summation provided that we 
include only the cases for which r = s. Hence we have, 
from equation (23), 

= JJtS; = . . (24) 

r s 

where r and s may each have any values provided that 
we exclude those cases for which r — s. If we use the 
divergence theorem (13), we get 

. . ■ (25) 

r s 

and on using equation (12) with a = Hgr, (3 = Hots,- 
we get 

2? == SSJJJ{h,^LVH,,] . (26) 

rs 

Now, if the volume considered does not include any 
matter, it follows from equations (19) that 2^ vanishes. 

If the volume includes mass-points acting as sources, 
or sinks of energy we shall still prove that Z is zero if 
we can show that each integraT term is zero on the- 
assumption that r is not the same as 5. 

A typical pair of integrals taken from equation (26) 
referring to the space variation of the forces associated*. 
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with a mass-point s, may be stated, without regard to 
sign, as - 

and 

and these, by the circuital laws (4c), become 


and , 

Now under stead^^ curi-ent conditions B^s and B-ms 
are zero excej)t in the very close neighbourhood of the 
mass-point s, so that if this mass-point is not within 
the volume the corresponding integrals vanish, while if 
the point is included the integrals are restricted to a 
region infinitely close to s. If r and s are different the 
vectors and H^r not dependent in any way on 
what is happening at s, and can be regarded as constant 
over the small region near s. We can thus apply 
equations (16) to prove that the integrals vanish. The 
value of Z as defined in equations (24) and (26) is thus 
zero, and we establish equations ( 10 ) for superposed 
streams of radiation corresponding with a steady state:— 


or 


{{P^dc = 

s 

S 


( 10 ) 


If the e.m.f. of the alternator is a pure sine wave, 
must be the same for each sequence of pulses however 
many reflections occur; but if this is not the case we 
cannot assume that u is the same for different sequences, 
although we can always use a suitable numerical factor 
with u to make equation (28) true. The ordinary theory 
of reflection asserts that the reflecting coefficient may 
vary with frequency, so that if m,. corresponds with 
an incident and Ug with a reflected wave we cannot 
assume that and Ug denote the same wave-form. 
This will not affect the constancy of the polarization 
of each member of any sequence H, since, whatever 
the reduction of strength or the change of polarization 
due to reflection may be, they will be the same for 
each member of the sequence. Fluxes defined by 
the forces F represent a superposed system of steady 
streams such as that previously considered. If we use 
letters Q to represent the Poynting fluxes of the F 
system in the same way as the letters P were previously 
used for the H system, we find that, for any single 
stream, Q is the mean value of the corresponding P, 
but that this does not hold for the compound F system 
unless u is the S£ime for every stream. 

It follows from equations (27) that 

Qs ^ [FejFyns], where Ps = ^ Qgul 


(9) Superposed Cyclic Streams. 


By a cyclic stream is meant a stream of pulses each 
constant in polarization, and such that at any selected 
point the strength of the pulse is periodic. The funda¬ 
mental period T is assumed to be the same for each stream. 

Even with ordinary light the polarization represented 
by the vectors H can be taken as constant, since experi¬ 
ments show that interference effects can be obtained with 
light pulses from the same source, although emitted 
from the source at moments many thousands of 
periods apart. An alternator supplying current to 
a material circuit must emit pulses that are rigidly con¬ 
stant in polarization. In a pulse of light He ,9 and H^s 
are at right angles and are fixed in ratio at every point 
of the path. They must therefore have the same wave¬ 
form when regarded as cyclic functions of the time. 
Thus we can always put ■ 


where Fgg and Fms are vector functions of position 
independent of time, and perpendicular to each other; 
and where Ug is a cyclic function Of time only, and such 
that, for every value of s. 


1 

T 


r-T 

2 

Ug 

0 


1 



The forces F are as continuous as the forces H, and, so 
far as time variation is concerned, each F is the r.m.s. 
value of the corresponding H, so that under cyclic current 
conditions it is constant at each point. Thus equations 
(17) must be true of the quantities F, and we have 


VFes = 0, VF„j, = 0 
S'esFjns ~ J 


( 29 ) 


Moreover, if 

and P,, ^ SP, 
s s 

we have similarly that Q^. is the mean value of P^., so 
that Qg is the average value of Pg, by equation (28). 
Now the F, Q system is a superposed system of steady 
streams, so that from equations (19) we have 

[VPes] ~ E [VFj)ig] = 0 , and VQg — 0 • 

A compound system corresponding with the fluxes 
F,Q , can be defined as 

Fg = SFgg, Fjn — SFjMff, Qam = [FgFjji] . (31) 

s s 


It will be seen that is not the same as the mean 
value of Peja unless all the qilantities u are the same. 


For the steady system F, Q, we must have as before 
JJ’Qgm'fcy = JfQadcr 

Now since Q^- is the mean value of P^, and Pg. is the sum 
of the vectors Pg, we have 


JJ[F«da 


T 


.T 


. . (32) 


0 


If all the quantities u are the same, 

-T 


1 

T. 




0 


is equal to each element of the equation (32). If all 
the fluxes are steady, so that each u is unity, equation 
(32) reduces to equations (10). 

The second element of equation (32) represents the 
time average of the vector sum of the actual Poynting 
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energy fluxes; while the first element refers to a single 
mathematical Poynting energy flux determined by 
Pg and Fni> two vector functions of position calculated 
from the individual forces representing the actual 
streams forming the compound system. The ordinary 
solutions of alternating-current problems are given in 
terms of quantities deducible from Fg and P^. The 
vector Qg^ represents, as a time mean, the effective flow 
of energy from matter to matter, although each indi¬ 
vidual unit of energy travels through the dielectric as a 
pulse in an electromagnetic sheet represented by Hgg 
and 

APPENDIX. 

Currents and Closed Circuits. 

The working conditions of steady current circuits 
were settled, in the main, before any clear connection 
was seen between the four sciences of electricity, mag¬ 
netism, heat, and light. The physical distinction between 
voltage and current, and the laws of combination of 
currents in parallel, and of voltages in series, were clearly 
recognized before exact measuring instruments existed, 
before the principles of energy were known, and before 
electrical units had been settled. When the conservation 
of energy was established, and when units of current and 
voltage were settled on energy principles so as to be 
independent of the properties of any special form of 
matter, it was seen that the law of the steady current 
circuit was merely an energy equation. The voltages 
Fj, Fg, etc., on the successive segments arranged in 
series, add up to F, the voltage of the generator, giving 
out a current I ; thus 

F = Fj -4- Fa + . . . 

because 

IV = IFi -h JFg -f . . . 

i.e. the power output IF of the generator is equal to 
the sum of the amounts of power spent in the segments 
of the series circuit. A similar statement with F and I 
interchanged applies to the law of combination of 
currents in parallel. 

It was thus pointed out long ago that the law of the 
simple circuit merely represents energy distribution, yet 
little note has been taken of the fact that in every case 
the relation between F and I is wholly experimental. 
Each resistance, or arrangement of matter, has its own 
volt-ampere characteristic. Even with a metal resis¬ 
tance there is no firm theory to explain the experimental 
fact that the ratio F : J is the same, or nearly the same, 
for all currents. In the case of a motor with complicated 
and adjustable accessories in regard to winding, load, 
etc., although the engineer can predict the relation 
between F and I under specified conditions, the theory 
he uses is dependent on reasoning based on the law of 
the simple ckcuit, and this, except for energy considera¬ 
tions, is quite devoid of theory. Whether the magnetic, 
or the electric, circuit is in question the engineer merely 
selects from known experimental results those which he 
needs, and assembles them in a way to suit his purpose. 

The law of the simple circuit is a framework based on 
energy, filled in with experimental data appropriate to 
the particular case. For this reason it is simple, uni¬ 


versally applicable, and final. Nothing can upset it, 
since it is wholly experimental, A new theory may re¬ 
interpret, but can never alter, a single tested result. 

Now the mathematical theory of current circuits 
must be based on the experimental facts, and in essence 
must be a statement of these facts in mathematical 
language. It cannot involve any theory of what is 
happening in the matter. Any such action has already 
been taken into account in the form of experimental 
characteristics relating to the successive portions of the 
circuit. This is true even of the Poynting flux, because 
this flux is based on mathematical theories consistent 
with tests on the circuit. However suggestive this flux 
may be as regards the mode of propagation of energy 
through the dielectric, it can reveal nothing new about 
the distribution of energy to the matter, since such 
distribution has already been assumed. The flux must 
be independent of any process by means of which the 
matter absorbs the energy and converts it to other forms. 



It is concerned solely with the net amount of energy 
delivered. 

Now let us assume that we can determine W, the 
power entering a segment of the circuit, and the cor¬ 
responding voltage F between the ends of the segment; 
but let us also suppose that we have no means of finding 
the corresponding current I. We can still define the 
current as a purely mathematical quantity measured by 
the ratio of W to F, and we can specify its direction as 
that of voltage-rise if TF is emitted from the segment 
acting as a generator, and as that of voltage-fall if W is 
received by the segment acting as a load. All the 
ordinary laws of current combination follow, and in 
particular the law of circuital currents. 

Thus if between two mains at voltage F we have (see 
Fig. 8) a generator G and a load L, and if the, watts taken 
in are IFo for G and W for L, we ha,ve Tq = ^o/^> 
— W/V. No energy is lost or gained, and Wq for the 
generator is negative. We have thus Wq H- W = 0 and 
4- J = 0, or the current I flows in a closed circuit 
through G and L. : A 

If the load consists of two parts and Eg P^-rallel 
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we have similarly Wq + = 0, and Iq + Jj + /2 

= 0, or the currents form two circulating systems, one 
of Jj through Lj and G, the other of through Lg and G. 

These results follow from the definition of the current, 
and from the experimental characteristics connecting 
W with V for each of the current-carrying segments. 
They do not depend upon the nature of the segment, 
whether it is acting as a generator or as a load, or whether 
it does or does not contain matter. The sole assumption 
is that it is taking in or emitting electromagnetic energy. 
They must hold if one of the segments is a block of the 
dielectric, since, by Maxwell’s theory, such a segment 
can contain electromagnetic energy, the amount of 
which can be altered. Poynting’s theorem showed how 
the energy moved, and his interpretation of Faraday 
tubes gave a physical conception of the process. The 
Poynting flux is perpendicular to the electric force, or 
direction of greatest rate of change of voltage, while the 
current, as above defined, is parallel to this direction. 
The electrical current is thus always at right angles to 
the direction of energy flow. 

Poynting’s measure of a current J in a conductor is 
the rate of entry into it of electric tubes. Each tube as 
it leaves the generator, of voltage V, must contain an 
amount of energy denoted by V since the generator out- 



Fig. 9. 


put is IV. As the tube progresses towards the load 
part of its energy is given up to the conductor, this 
portion being fixed by the corresponding drop of voltage 
in the conductor. If we refer again to the concentric 
cable denoted by Fig. 3 we can imagine the dielectric 
between the generator G and the load L to be divided 
up into blocks as shown by the rectangles in Fig. 9. 
Each arrow (except that denoting the flux P) shows the 
direction of the local current, and is drawn as a full 
line for a generator, or power output, current, and as a 
dotted line for a load, or power input, current. All 
the arrows represent currents of the same strength. 
Each current gives the ratio of watts to volts for the 
corresponding volume of the dielectric, or matter, and 
since the watts for successive blocks fall ofl in the same 
proportion as the volts, the ratio of the two, or the cur¬ 
rent, is the same in all cases. 

The arrows also illustrate the movement of Faraday 
tubes as imagined by Poynting. Under steady current 
conditions the arrows in successive blocks can be looked 
upon as showing either the successive positions of the 
same tube or the positions at the same instant of tubes 
forming a sequence. 

There are equal and opposite currents on each side of 
a surface separatifig two blocks of the dielectric, or 
separating a region containing matter from another 
region devoid of matter. We can look upon Fig. 9 as 


showing a conduction current going round the material 
circuit in a closed path, in addition to a number of 
dielectric currents each circulating round a dielectric 
block in the opposite sense to that of the conduction 
current. It is, however, possible to regard these cir¬ 
culating currents as more local in character, as indicated 
in Figs. 10 and 11, in which each arrow representing an 
emission current is associated with the arrow denoting 
the corresponding absorption current. The current 
circuits that are confined to the dielectric indicate merely 
the passage of energy, without change in amount or 
transformation in kind. Under steady conditions these 
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circuits must neutralize each other and can be omitted 
from Fig. 11. On the contrary the current circuits 
through regions partly occupied by matter denote energy 
which is not only transferred but also transformed. 
Under steady conditions the rate of absorption, or 
emission, of this electromagnetic energy is constant. 
We can suppose that the dielectric blocks are indefinitely 
thin, so that the circuits in Fig. 11 can be regarded as 
very minute. In all cases the current flows in a closed 
circuit. Maxwell’s principle of closed current circuits 
merely expresses, in electrical language, an aspect of the 
conservation of energy. 

The transfer of energy from tube to matter, or vice 
versa, appears to be a strictly local process due to the 
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impulsive closure of an element of the tube round a 
minute and isolated particle of the matter. Theories of 
matter, however they may differ in other ways, seem 
all to agree on two points: (i) that the ultimate ’particles 
of matter are excessively small compared with the 
distances which separate them, and (ii) that the transfer 
of energy to or from matter is of an impulsive character. 
The possibility of direct action at a distance is denied 
because it is not admitted that a physical influence or 
process can progress through space with an indefinitely 
infinite velocity. If the transfer of energy to or from 
a material particle is impulsively rapid, it must also be 
strictly local, and since the particle is isolated and 
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excessively small, the transfer process must be confined 
to the immediate neighbourhood of the corresponding 
point. The local-impulse assumption, used in the 
analysis forming the second part of the present paper, 
seems to be only a form of the principle of local action. 

In the case illustrated in Figs. 9 to 11 it is assumed 
that the flux system is single. The processes at work 
must be the same if the system is multiple. Any tubes 
reflected after incidence on m-atter are emitted from it 
as if from an additional generator. There are a number 
of superposed systems each like Fig. 9, but the compound 
state must settle down to one of the t 3 /pe shown in Fig. 11. 


Current density is measured by the rate at which 
electric tubes enter the unit of cross-area. It is Bg 
both in the dielectric and in matter, but while the 
mathematical measure is the same the physical meaning 
is different. In the dielectric the tubes persist, but in 
matter the energy of the tube may be given up to the 
matter acting as a load, or emitted from the matter 
acting as a generator. In one case the tubes are de¬ 
stroyed, and in the other they are created. In a steady 
state the generator creates the tubes as fast as it emits 
them, while the load destroys the tubes as fast as it 
receives them. 
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ELECTROMAGNETIC FORCES SET UP BETWEEN CURRENT-CARRYING 

CONDUCTORS DURING SHORT-CIRCUIT.* 

By G. L. E. Metz, Associate Member. 


{Paper received, ^rd October, 1933.) 


Summary. 

This paper deals in a general manner with the electro¬ 
magnetic forces exerted between current-carrying conductors. 
The factors introduced by the use of alternating current are 
taken into account and the effects upon the forces of con¬ 
ductor shape, current distribution, and proximity of inductive 
material, are considered. The characteristics of the forces, 
the reactions they produce, and the effects of resonance, are 
also examined. 

The results of the investigation are given either in general 
terms or in the form of equations, which are presented in a 
manner convenient for use in the calculation of electro¬ 
magnetic forces on alternating-current circuits. 


Introduction. 


The theory underlying the calculation of electro¬ 
magnetic forces has received very thorough academic 
treatment, most notably by Grayf and, later, by Hague, J 
who clearly define the limitations of the basic formulae 
enunciated by the early investigators. 

The application of these formulae to the somewhat 
special problems which arise under short-circuit con¬ 
ditions on a.c. networks has not been so rigorously 
pursued, with the result that the further limitations set 
by practical considerations are not generally known. 

This is particularly true of many of the problems 
presented to switchgear engineers. Among these the 
calculation of the electromagnetic forces exerted upon 
busbars, connections, and oil circuit-breaker cross-bars, 
terminal stems, and contact fingers, are common 
examples. Considerable confusion surrounds the precise 
interpretation of calculated results for problems of this 
type, o-wing to the effects of the value, phase order, and 
state of balance, of the short-circuit current used in the 
calculations; and also to the effects of current distribu¬ 
tion in the conductors, skin and proximity effects, 
presence of inductive material, and the pulsating 
character of the applied forces, all of which are kno^vn 
to influence the reactions produced. 

It is the object of this work to form a corollary dealing 
with the application of the known methods of calculation 
to practical cases of straight conductors under short- 
circuit conditions on a.c. networks, taking into account 
the modifications produced by these influencing factors. 

Where possible, a mathematical investigation of the 
various factors is made; in other cases a guide to their 
influence upon the forces is obtained from an examina- 
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tion of the underlying principles involved, augmented 
where possible by actual tests. 

The well-lcnown d.c. formulae are used to calculate the 
forces between various arrangements of conductors, and 
the limitations set by the distribution of the current 
in the conductors, the proximity of inductive material, and 
the effect of practical a.c. network conditions, are con¬ 
sidered. In each instance the general theory underlying 
the phenomena is briefly enunciated and precise calcu¬ 
lations, or test results of particular cases, are given. 

(1) Review of Known Methods of Calculation. 

The calculation of electromagnetic forces may be 
effected by two distinct methods. The first is particu¬ 
larly applicable to straight conductors, and the second 
—not so often used—is especially applicable to arrange¬ 
ments of conductors of which the self-inductance and 
mutual inductance are known. 

To enable the application of these two methods to be 
appreciated, the assumptions upon which they are based 
will now be briefly reviewed. 

Method 1. 

The formulae most generally used for the calculation 
of electromagnetic forces are based upon the experiments 
of Ampere, which formulated the laws of mechanical 
interaction between electric currents. In these experi¬ 
ments the intensity of the magnetic field produced by a 
current-carrying conductor was established and defined 
in the Laplace law, which states; “The force exerted 
upon a magnetic pole by an infinitely short element of a 
current-carrying conductor is inversely proportional to 
the square of the distance and directly proportional to 
the length of the element, to the current strength, to the 
pole strength, to the permeability of the surrounding 
medium, and to the sine of the angle of inclination of 
the element to the line joining the pole to the centre of 
the element." 

It follows that the intensity of the magnetic field H at 
a point P (Fig. 1) due to the current i flowing in the 
element dl when placed in a medium of permeability p, 
is given by 

B. = [pdijs) cos Odd 

The total field Ht at P, due to the current in the whole 
of conductor AB, obtained by integrating this expression 
between the limits G 6 is given by 

R{ = {p/s)(sin G + sinFa) • • (1) 

The direction of this field is at right angles to the current, 
as shown in the figure. 
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Fig. 3.—^Distribution of electromagnetic force on various arrangements of straight conductors. 

(a) Parallel conductors of equal length. (6) Parallel conductors of unequal length, (e) Parallel conductors in different planes. 
( ) Conductors arranged in a loop, (e) Conductors at right angles, (/) Conductors arranged in a rectangle. 
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By another fundamental law of magnetism the foi'ce 
exerted upon a current-caiTyiug conductor when placed 
in a magnetic field is proportional to the conductor 
length, the current flowing in it, the intensity of the 
magnetic field, and the sine of the angle made by the 
directions of the current and of the flux cutting it. The 
force F exerted in air upon the element dl (Fig. 2) 
carrying a current ?T when placed in a field of intensity 
Hj, is therefore given by 

F = 9^ — sin 9^)d.l 

and the total force F^ upon the whole of conductor XY, 
due to the field produced by the current in AB, is 
obtained by integrating this expression between suitable 
limits. The direction of this force is at idght angles to 
that of the current. 

It follows from equation (1) that the magnetic intensity, 
and therefore the electromagnetic force, exerted at any 
point P in conductor XY due to the, current in con¬ 
ductor AB, depends entirely upon the values of 9^ and 
The force actually varies between the limiting values 
when P is taken in a mid-position and and 9^ 
approach 90°, and fjdi-Js when P is taken at one end 
of XY such that 9-^ and approach 90° and 0° respec¬ 
tively. 

I'he distribution of force along conductors for various 
conductor arrangements has been calculated and is 
shown in Fig, 3, It is important when calculating 
electi'omagnetic forces to .state whether the results refer 
to the force at a point, the total force, or the average 
force, and if the latter value is used it is necessary to 
observe that the maximum force will be considerably 
greater than the average value a.ccording to the con¬ 
ductor arrangement. In cases where lever action is 
encountered it is necessary to take " moments ” to allow 
for this uneven loading. The Ampfire method has been 
used to calculate the forces for the arrangements of 
conductors generally used, and the final equations are 
given in Fig. 4. 


Method 2. 


Faraday’s law of induction established the fact that 
if the magnetic flux linked with a circuit is changed by 
moving the circuit relative to another circuit or to 
inductive material, or by altering its shape, work is 
done in overcoming the electromagnetic forces opposing 
the motion and coi'responding adjustments occur to the 
electrical power supiolied to the circuit. It can be 
shown that the mechanical work done in changing the 
coefficient of inductance plus the change in the energy 
stored magnetically in the circuit equals the change in 
the electrical energy supplied to the circuits. 

If F is the force required to move or deform the circuit 
shown in Fig. 5 through a di.stan.ce dy, then 


F 


1 ■2'^-^! I 


* 4 " 


dM 

'^dy 


. ( 2 ) 


When the circuits are not in close proximity to inductive 
material and are unchanged in shape, the self-inductances 
and Xg remain unaltered when the circuits are moved 
relative to one another, and the formula simplifies to 

F^i^iidM/dy . . ■ • (3) 

VoL. 75. 


This relation can be used to calculate the electromagnetic 
forces produced between arrangements of conductors 
the self-inductance and mutual inductance of which are 
known. 

If the mutual inductance between the two parallel 
conductors shown in Fig. 4(i) be given by 

M = 2^1 log + s 2 ) _|. g 

(Z and s being measured in centimetres), the electro¬ 
magnetic force between them can be calculated by 
means of equation (3). The value obtained will be 
found to be identical with that given in Fig. 4(i), which 
was calculated by Ampere’s method. 

The case of conductors meeting at right angles, which 
is encountered when considering the throw-off forces on 
oil circuit-breaker cross-bars and isolating switches, is 
somewhat special and merits consideration. 


Conductors Meeting at Right Angles. 

If, in Fig. it is assumed that the current is 

concentrated upon the centre lines of the conductor, 
the downward force on AB due to the current traversing 
the loop can be calculated by integrating the force 



exerted by one current element upon another. It can 
be shown that the downward force on any point P in AB 
is given by 

F = 2in}{sr) . . . . . (4) 

This force increases slowly from a minimum value in 
the middle of AB to rise steeply to infinity at each end 
at the junction of the centre lines of AB and the vertical 
conductors, as shown in Fig. 3(cZ). Actually the current 
is not concentrated upon the centre lines of the con¬ 
ductors, and cannot make a sharp right-angle change 
in direction; therefore these infinite values of force are 
not encountered in practice. 

If, in Fig. 6(&), the integration of the throw-off force 
along AB is taken over the length Sj only, the following 
expression is obtained for the total throw-off force in 
dynes:— 

2s., , Si "T ^/(si T if.\ 

Ft = log - J — log -d: - - -- J . (6) 

The results obtained by this formula check closely with 
those obtained by test upon a system of conductors 
built up as shown in Fig. 6, in which the section of the 
conductors is small and the current distribution approxi¬ 
mately uniform. 

It would appear from these tests that the current 
distribution in the conductor is such as to prevent the 
extreme comer effects being experienced in practice, 
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since calculations on the lines indicated agree very 
closely with actual test results. 

It does not follow that the throw-off forces upon an 
oil circuit-breaker cross-bar, which is an example of this 
type, can be calculated by this means with the same 
degree of accuracy. Generally the size and disposition 
of the conductors introduce skin and proximity effects, 
which, together with the proximity of an inductive top 
plate and tank, affect the values of the electromagnetic 
forces exerted. 

The considerations discussed so far are based upon the 
following assumptions; (i) That the current is concen¬ 
trated upon the centre lines of the conductors, or that 
the current is uniformly distributed over the conductors, 
which are circular in shape, (ii) That the conductors 
are located in a medium such as air, the permeability 
of which is unity, and are not in close proximity to 
inductive material, (iii) That direct current is flowing 
in the conductors. When the conductors are spaced a 
considerable distance from one another, as in the case 
of two parallel busbars, or when the conductors are small 


i 



(«) 



Fig. 6.—^Total force exerted upon conductors AB. • 

in section, the actual shape of the conductors makes very 
little difference to the calculated results. 

In practice the conductors are generally of consider¬ 
able section, and in many cases are located close to one 
another; it then becomes necessary to modify the 

formulae so as to take the shape of the conductors into 
account. 

"Effect of Conductor Shape. 

The effects produced on the forces when rectangular 
conductors are used instead of conductors of circular or 
square section have been investigated mathematically 
bvDwight,* who has shown that the force in dynes per 
* See Bibliography, (8). 


centimetre exerted between two long parallel rectangular 
conductors of depth 2h and thickness 2a, placed a 
distance d apart, is given by 
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The force exerted in air between the conductors shown 
in Fig. 4(iv), assuming the current to be concentrated 



upon the centre lines, has already been shown to be 
given by = 2 ^pi 2 /d dynes per cm. The ratio EfF. 
gives a shape factor which indicates the effect produced 

on the forces if conductors of rectangular section are 
used. 

In Fig. 7 this ratio has been plotted for the sizes of 
rectangular conductors generally , used for switchgear 
busbars and connections. It is shown in this fiaure 
conductors of square section the, assumption 
that the current is concentrated upon the centre lines 
makes very^ little difference to the calculated results, 
the curves m Fig. 7 are used in the following manner 
First the ioxceF^ is calculated, assuming the current to 
be concentrated upon the centre lines of the conductor 
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and using the formula F-^ = dynes per cm 

— {5-4:i^iJd) X 10-'^ lb. per ft., where the current is 
measured in amps, and d is in inches. From the known 
values of a and b the value of {d — 2a){{2a -h 2b) is next 
obtained, and the corresponding figure for the ratio F/F^ 
is read off from the appropriate curve. 

The maximum efiect occurs when single strap connec¬ 
tions of negligible thickness are used. In the extreme 
cases taken in the figure the force is increased by 
40 per cent in the maximum case, and reduced to 20 per 
cent of the value obtained by assuming the current to 
be concentrated upon the centre lines in the minimum 
case. 

It is also shown that the effect of conductor shape 
upon the value of the calculated force decreases very 
rapidly as the spacing of the conductor increases. When 
the spacing between conductors is greater than half the 
sum of the sides of a single conductor the forces are not 
affected by more than 10 per cent, and as the spacing 
increases the effect rapidly becomes negligible. 

The formula upon which these curves are based 
compares closely with the experimental results obtained 
by Barrow* for direct current where the current dis¬ 
tribution is approximately uniform. 

When the conductors carry alternating current the 
current distribution may be very far from uniform, and 
the forces are accordingly modified. 

It is not possible to deal with the effects produced by 
non-uniform current distribution in general terms, but 
the application of certain underlying principles reveals 
many important effects which are not generally known. 
It indicates that generally where the force is one of 
attraction it will tend to decrease and when the force is 
one of repulsion it will tend to increase. 

(2) Skin and Proximity Effects. 

General. 

The distribution of alternating current in a conductor 
is controlled by the disposition of the. magnetic fields 
and by the e.m.f.'s they produce in the elementary 
filaments of the conductor. The variation of the e.m.f.’s 
induced in the elementary filaments of the conductors 
due to the internal fields of the elements themselves 
results in a tendency for the current to flow in the outer 
filaments of the conductor and also for the current in 
the outer filaments of the conductor to advance in phase 
upon that in the inner filaments. This phenomenon is 
known as “ skin effect.” 

The variation of the e.m.f.’s induced in the filament 
of the conductor due to the external field of neighbouring 
conductors results in a tendency for the current to 
crowd to one side of the conductor. This phenomenon 
is generally known as " proximity effect,” and although 
a factor of great importance in ail electromagnetic 
problems it has so far been largely ignored. 

The phenomenon is illustrated in Fig. 8(a), which 
shows the field associated with a single-phase lead and 
return current flowing down into the paper in con¬ 
ductor X and returning up through the paper along, 
conductor Y; The flux from conductor X cuts' the 
elementary filaments of conductor Y, inducing in them 
an e.m.f. which causes the current to circulate down on 
* See Bibliography, (4). 


the right-hand side of Y and up on the left-hand side. 
This results in the current crowding on to the sides of 
the conductors adjacent to one another. 

If the current flows down into the paper in con¬ 
ductors X and Y, as shown in Fig. 8(6), the current in 
these conductors is by the same reasoning crowded on 
to the sides of the conductors remote from one another. 
This efiect can be memorized from the simple rule that 
the magnetic field set up between two current-carrying 
conductors which results in a force tending to move the 
conductors in one direction, also tends to cause the 
current in the conductors to move in the opposite 
direction. 

These factors have an important effect upon the forces 
produced between conductors of comparatively large 
section located close to one another, such as the finger 
contacts of oil switches. When the force is one of 



Fig. 8. 


attraction the currents tend to move across the con¬ 
ductors and away from one another, thus tending to 
decrease the force. On the other hand, repulsive forces 
tend to cause the currents to move closer to one another, 
with a consequent increase in force. The general effect 
is most undesirable upon contacts which'depend for 
their efficient operation on good contact pressure, as 
will be explained in greater detail later. 

The manner in which the current would be expected 
to flow in the loop of an oil circuit-breaker owing to skin 
■and proximity efiects is shown in Fig. 9, from which it 
will be seen that the current tends to flow upon the 
inside of - the loop. 

The peculiar burning of '' butt type ” contacts which 
appears after interrupting short-circuit currents giveb 
ample evidence that the current does in fact flow round 
the loop formed by the oiT switch in the manner indi¬ 
cated. 

Further forces are also exerted between swEch con¬ 
tacts by the so-called ” crowd effect,” which occurs 
whenever current passes from one contact to another. 
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Crowd Effect. 

Since it is impossible in practice to prepare an infi¬ 
nitely smooth surface, it follows that the electrical 
contact between two contact surfaces can at best only 
be made at a number of poiuts of very small area. An 
alternating current in passing from one contact to 
another must therefore cross the interface at a number 
of point contacts. The current in the two conductors 
converges toward the local points of contact at the inter¬ 
face, and under the action of the skin effect this flow 
takes place in the skin of the metal next to the dividing 
surface. This results in the flow of currents closely 
adjacent and opposite in direction to one another in the 
skin of the two contact surfaces, producing repulsive 
forces. 

As the, distance separating the currents at the inter¬ 
face is very small the resulting force of repulsion is 
correspondingly large, and the contacts of oil switches 
have been known to be forced apart by this effect when 
large short-circuit currents have been flowing. An 
example of this phenomenon is shown for an extreme 


value. The reluctance of the magnetic circuit is as a 
result decreased and redistributed. The magnetic field 
produced by a'given current is consequently modified, 
resulting in a change and redistribution of the forces 
produced. 

These effects do not lend themselves to a general 
mathematical treatment, but particular cases can be 
experimentally investigated comparatively easily by the 
change-in-inductance method. Considerable guidance 
in regard to design can be obtained from a consideration 
of the general effect of the presence of inductive material 
upon the magnitude and distribution of flux produced 
by a given current, since upon this the ultimate forces 
depend. For this purpose the Theory of Images* is 
most useful. By this theory it can be shown that the 
effect produced upon a current-carrying conductor owing 
to the presence of a screen of infinitely permeable 
material can be reproduced by replacing the screen by 
a current-carrying conductor similar in every respect to 
the original conductor and placed as far behind the screen 
as the latter is in front. If the permeability of the 
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Fig, 9.—^Passage of current round loop of an*" oil circuit- 
breaker. (Current flows on inside of conductor.) 


Current 



Fig. 10.—^Forces set up between contact faces by crowd 

effect. 


case in Fig. 10, which illustrates the approximate 
current distribution between two conductors making 
contact on one edge only. 

The effect of the current distribution in the contacts 
is to produce a force tending to separate the contact 
surfaces in the manner shown. According to Clerc* 
this force may be calculated by means of the formula 

F = 3-5l2logjo(60/D)10-8 

where D = diameter of actual contact in mrn^, J = peak 
value of the first half-cycle, including doubling effect in 
amps., and F = force in lb. The practical value of this 
formula is restricted, since the diameter of the actual 
area of contact is never known. By assigning various 
values to D in the equation, however, it is possible to 
get an idea of the order of the force involved. 

In general the effects do not lend themselves to precise 
calculation, but this brief study of the underlying 
phenomena provides^ a useful guide in design which 
enables these undesirable characteristics to be avoided. 

Proximity of Inductive Material. 

The presence of inductive material increases the value 
of the permeability from unity (in air) to some greater 

* See Bibliography, (5). 


inductive screen is finite and equal to n, then it can be 
shown that the effect of the screen can be reproduced 
by replacing it by an image conductor carrying a current 
~ Vip + in the same direction as the current i 
in the original conductor. The calculation of the force 
upon a long straight wire close to a block of iron of 
permeability y, can then be made by means of the 
formula given in Fig. 4(i), putting = [^ — l/(/i, + !)]{ 

and assuming the value of s to be twice the distance 
separating the conductor and the iron. 

The general effect produced upon the flux distribution 
around two conductors carrying a lead and return 
current, owing to the presence of inductive screens 
placed in various positions, is shown in Fig. 11. This 
figure indicates that the presence of inductive material 
may decrease or increase the various components of 
force on the conductor according to the location of the 
former. 

(3) Network Factors. 

Practical Considerations. 

Before the d.c. formulae given in Fig. 4 can be used 
to calculate the electromagnetic forces under short- 
circuit conditions it is necessary to define the value of 
• See Bibliography, (2). 
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Fig. 11,—Effects produced on. forces on conductors A and B due to the presence of inductive material. 
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the current* to be substituted in them. The factors 
which control the value of the short-circuit current upon 
an a.c. network vary with almost every case, and it 
becomes necessary to make certain assumptions which 
may reasonably apply to the majority of cases. 

Since all equipment has to be designed to withstand 
the maximum forces that can occur, this is the condition 
most likely to meet the majority of cases. The force 
is proportional to the square of the current, and the 
maximum force occurs with the application of the peak 
value of the first half-cycle of the short-circuit current, 
after which the current decreases owing to decrement 
factors. The peak value of the first half-cycle of the 


Table 1. 


Phase order 

Conductor arrangement 

Maximum 

asymmetry 

factor 

Single 

O O 

3-24 

2-phase 3-wire 
(outer) 

o o o 

4-56 

2-phase 3-wire 
(middle) 

O O Oj 

3-24 

3-phase (outer) 

o o o 

2-62 

3-phase (middle) 

o o o 

2-81 


short-circuit current is controlled to a considerable 
extent by the effects of asymmetry. 

The Effects of Asymmetry. 

It is generally agreed that the effects of complete 
asymmetry increase the peak value of the first half¬ 
cycle of the short-circuit current of a normal machine 
by 1-8 times its symmetrical short-circuit value. Com¬ 
plete asymmetry will therefore increase the peak value 
of the short-circuit current in each conductor of a 
single-phase system to 1 • Si, and will increase the 
electromagnetic forces by (= 3-24) times the 

symmetricalvalue. 

The maximum effect of asymmetry upon a 3-phase 
system is not, as is generally supposed, experienced when 
full asymmetry occurs On one line. The effect of 
asymmetrj?^ varies as the cosine of the angle of dis¬ 
placement of the voltage wave from its zero value. It 
has a maximum value When the angular displacement is 
zero (cos 0° = 1), and a minimum value when the angular 


displacement is 90° (cos 90° = 0). Considering the middle 
conductors of the 3-phase system shown in Fig. 12, the 
maximum value of asymmetry is therefore given by 
the maximum value of [1-8 cos 0x1-8 cos (0 -f 120°)J 
— [1-8 cos (0 -f 120°) X 1-8 cos (0 -f- 240°)J, which is 
equal to 2-81. 

It is not generally appreciated that in polyphase 
systems the total effects of asymmetry vary with the 
disposition of the conductors. The effect of asymmetry 
has been investigated for certain arrangements of con¬ 
ductors in single-phase and polyphase systems, and the 
results are given in Table 1 in the form of asymmetry 
factors. In calculating these factors it was found that 
in certain cases (e.g. the middle conductor of a 2-phase 
or 3-phase system) the maximum effects of asymmetry 
were coincident with the maximum value of the force. 
In other cases (e.g. the outer conductor of a 2-phase or 
3-phase system) the maximum effects of asymmetry 
occurred when the force was at or near its zero value. 
In the latter cases, therefore, the effects of asymmetry 
can be completely ignored, since no matter how large 
they become the force wave still remains at its zero 
value. 

The maximum forces (in lb. per ft. run) that can occur 
upon a.c. systems and the corresponding factors for sub¬ 
stitution in the d.c. equations (Fig. 4) have been calcu¬ 
lated for the t3q)es of systems in general use, and are 
given in Table 2. In the formulae the following assump¬ 
tions are made: (1) The most severe condition of asym¬ 
metry. (2) Balanced 2-phase or 3-phase short-circuits. 
(3) Conductors unaffected by presence of inductive 
material. (4) Current measured in r.m.s. amps, and 
s measured in inches. 

Single-Phase and S-Phase Electromagnetic Effects. 

In Table 2 it is shown that the amplitude of the force 
produced by a single-phase short-circuit current is greater 
than that produced by a 3-phase short-circuit current 
of equal value. The single-phase case produces a pul¬ 
sating force, and the 3-phase case produces a force upon 
the middle conductor which alternates from a maximum 
in one direction to a maximum in the other direction. 
To decide which of these conditions is likely to be the 
more severe it is necessary to determine which type of 
fault gives the greater current and force, and which type 
of force characteristic produces the greater reaction. 

In the case of a single-phase fault on a 3-phase system 
it is necessary to obtain the value of the short-circuit 
current {!), either by actual tests or by means of the 
method of symmetrical components. From tests on a 
number of turbo-alternators it has been found that the 
single-phase line-to-line short-circuit current is approxi¬ 
mately 85-100 per cent of the 3-phase short-circuit 
current. 

The ratios of various types of single-phase fault 
currents to the symmetrical 3-phase fault current are 
given for modern alternators by Dannatt* in the follow¬ 
ing equations;— 

Line-to-line: short-circuit current 
Symmetrical 3-phase short-circuit current ~ 

* See Bibliography, (6). 
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Line-to-neiitral short-circuit current 

Two-lines-to-neutral short-circuit current 

Symmetrical 3-phase short-circuit current 

Symmetrical 3-phase short-circuit current 

3^1 

~ l)-^2 + ~ 

-^1 + ■2'2 -2^0 

[ZqZ-^ -j- + ■^2'^o) 


Table 2. 


Circuit 

Arrangement of conductors 

Maximum force 

Single-phase 

Qy-'-Q 

34-8 22/(io7s) 

2-phase S-wire Conductor R 

0 

o 

0 

l5-2I^J{10'’s) 

2-phase 3-wire Conductor Y 

O 

0 

0 

3512/(1075) 

3-phase 3-wire Conductor R 

O 

© 

0 

8-6512/(1075) 

3-phase 3-wire Conductor Y 

o 

o 

o 

26-212/(1075) 

3-phase 3-wire, two parallel leads 
Conductors R and Y 


Conductor R 

Conductor Y 

0 © 

0 © 

13-5l2/(107s)* 
6-76 12/(1075) t 

67 12/(1075)=^ 

28-612/(1075)1 

3-phase 3-wire, go and return Con¬ 
ductors R and Y 

©ooo©© 

Qo Return 

9-8 12/(1075) 

36 12/(1075) 

3-phase 3-wire, two parallel leads 
Conductors R and Y 


7 - 8 12/(1075) 

20-812/(1075) 

3-phase 3-wEe, two parallel leads 
Conductors R and Y 

©©©©o© 

4-6412/(1075) 

63 12/(1075) 


* Horizontal component. f -Vertical component. 
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where = positive-sequence reactance, — negative- 
sequence reactance, Zg = zero-sequence reactance, and 
« = — 0-5 -f- 0-866/. 

The ratios for the particular case of an alternator with 
a transient impedance of {0 -|- 100/) ohms are given in 
Table 3 and show that the single-phase short-circuit 
current is in general larger than the symmetrical 3-phase 
short-circuit current, and can reach over l| times the 
latter. In the case of the symmetrical 3-phase short- 
circuit the following values, obtained from tests on 
modern machines with distributed poles were assigned: 
Zj = 100 ohms, Zg = 70 ohms, Zq = 16 ohms. 

It is shown later that greater reactions are produced 
by a pulsating wave than by an alternating wave of 
the same amplitude. The most severe conditions are 


Table 3. 



therefore produced on a 3-phase system under the 
conditions of a single-phase fault. 


(4) Mechanical Reactions to Electromagnetic 

Forces. 

Fundamental Principles. 

The electromagnetic forces produced by alternating 
currents take the form of hammer blows of decreasing 
severity applied at regular intervals of time to the 
current-caiTying conductors and their supports. The 
forces applied are of a cyclic character and either 
pulsate or alternate from a maximum in one direction 
to a maximum in the other, expending themselves in 
overcoming the rigidity of the supports and accelerating 
s mass. 

In translating these electromagnetic forces into terms 


of mechanical reaction, it is useful to have some con¬ 
ception of the mechanism set in motion. Taking the 
case of the application of an alternating force, it would 
appear that the reactions produced are under control 
the whole time the current is flowing. The tendency 
for the energy stored in the structure to augment the 
reaction in one direction is to a considerable extent 
overcome by the reversal of current and applied force. 
When the current ceases, the whole of the energy stored 
in the structure is released and the damping of the 
structure is at the same time reduced. 

The paradoxical condition then arises where the 
maximum applied force is coincident with the maximum 
value of current flowing, but the maximum reaction of 
the supports occurs at the instant the current starts 
and also at the instant that the current ceases to flow. 
It follows that the maximum reaction depends largely 
upon the point at which the force wave is interrupted 
by the cessation of current flow. If the applied force 
ceases at the instant it reaches a maximum value, the 
structure will have a maximum of stored energy avail¬ 
able to produce the final reaction. On the other hand, 
should the applied force cease at the instant the force 
wave passes through zero, the structure will have a 
much smaller value of stored energy and the final 
reaction will be smaller. 

The effects are reduced to some extent in practice by 
the fact that a well-designed oil circuit-breaker inter¬ 
rupts a current at or near its zero value. Tests have 
been carried out in this country and in America* which 
confirm the truth of this hypothesis. In these experi¬ 
ments it was shown that the application of a high- 
frequency alternating force to a non-resonating structure 
produces reactions at the instant the force is applied, 

. and again as the force ceases, which are more than twice 
those obtained when the current is flowing. Con¬ 
siderable importance is attached to this fact, since it 
is not unusual for engineers to use in their calculations 
the r.m.s, value of current; they thus obtain the average 
force, and assume that the reactions corresponding to 
the maximum or peak values are never reached. The 
fact that the initial and final values of reaction exceed 
those obtained when the current is flowing supports the 
view that the maximum—and not the average—rvalue 
of the force wave should be used, as is customary in 
America. 

Reactions to Force Waves of Pulsating and Alternating 
Characteristic. 

The reactions produced on a cantilever by force waves 
of pulsating and alternating characteristic were experi¬ 
mentally investigated by means of the apparatus shown 
in Fig, 13. The apparatus used for this purpose com¬ 
prised a cantilever A, fixed at one end and with the 
other end free to vibrate between the poles of a per¬ 
manent magnet D. The coil B, which surrounds the 
cantilever at the fixed end, was supplied with a constant 
value of current whose character was changed by means 
of half-wave and full-wave rectifiers. In this way 
alternating and pulsating forces of a constant amplitude 
were applied to the cantilever at line frequency. By 
means of a stroboscope the motion of the cantilever 

* See Bibliography, (7). 
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under the action of the forces could be slowed down to 
any desii ed \ alue, and in this manner the reactions of 
the cantilever to alternating and pulsating forces were 
observed and measured. 

Tests were made over a wide range of frequency. 



including the natural frequency of the cantilever itself, 
and all the reactions were observed under both reso¬ 
nating and non-resonating conditions. The results 
obtained are given in Table 4. They may be sum¬ 


marized as follows: (i) The reaction produced by the 
application of a pulsating force to the non-resonating 
cantilever approached double the reactions produced by 
an alternating force of similar frequency and amplitude, 
(ii) The effects of resonance were much more severe with 
a pulsating force than with an alternating force, and 
very quickly gave over .20 times the reaction normally 
obtained, (iii) The reactions were very sensitive to 
resonance; with an alternating force 5 cycles per sec. 
removed from the fully resonating position the reactions 
were reduced from 20 times to twice normal, (iv) Gen¬ 
erally the pulsating force which characterizes all single- 
phase short-circuits and certain polyphase faults gave 
larger reactions than those produced by force waves of 
an alternating characteristic. 

(5) Application of Results to Practical Cases. 

The application to practical cases of the results of 
this investigation into electromagnetic forces is carried 
out in an analytical manner by summing the various 
components of force exerted upon the system of con¬ 
ductors under consideration. It is not intended to deal 
with this aspect of the subject, since the treatment is 
simple and each case has to be considered on its own 
merits. 


Table 4. 


Test No. 

Characteristic of force 

Current 

Frequency 

Maximum 

reaction 

Remarks 

1 

Full-wave rectification 

amperes 

0-4 

cycles per sec. 

25 

inches 

r> 

TF 

Deflection greater on one side than 
the other 

2 

Alternating 

0-4 

25 

tt; 

Deflection same on each side 

3 

A A 

Half-wave rectification 

0-4 

25 

5 

TIT 

Deflection greater on one side than 
the other 

4 

AA 

Full-wave rectification 

0-4 

50 

1 

1 (i 

— 

5 

-Ay- 

Alternating 

0-05 

50 

i 

Resonance 

6 

A A 

Half-wave rectification 

0-05 

50 

tV 

Resonance 
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Important effects can, however, be observed from a 
general application of the results obtained, and certain 
of these relating to oil-switch contacts will now be 
referred to. Of the many examples that could be taken, 
the two which have been selected illustrate the impor¬ 
tance of making a general survey of electromagnetic 


various types of contacts tending to separate them have 
been actually experienced in practice. In certain oil 
circuit-breaker tests carried out recently these forces 
have been su£S.cient to separate the contacts under 
short-circuit conditions before the switch mechanism 
has had time to move. These forces have been expe- 



Fmge r -nype Contacts 
Force 


to ate and Female Contacts 


Current 



\ 


3utt Contacts 

Current 



zy 


,en' 


Current 


Current 


Contactor —~Type Contacts 


Fig, 14.—^Forces produced by current flowing from one contact to another, ignoring other effects. 



problems before commencing any detailed calculations 
or tests. 

Forces between Oil-Switch Contacts. 

The first example constitutes a general consideration 
of the forces exerted between different types of oil- 
switch contacts. The forces produced as the result of 
the current flowing from one contact to another are 
shown for various types of' contacts in Fig. 14. In this 
figure the forces due to the proximity of other current- 
carrying conductors or other parts of the same con¬ 
ductor are ignored, and it is sho-wn that there are a 
number of forces having an important effect upon the 
oil-switch contacts which are not generally taken into 
account. 

The repulsive forces which are shown to act upon the. 


rienced with each of the types of contacts shown, and 
will in fact always be present when the current in 


Fig. 16.—^Modified design showing how contact separation 

was overcome. 

passing from one contact to another has to make a 
change in direction. 

There are other forces superimposed upon those 
shown, which have their origin in the proximity and 
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crowd effects, but these so far unrecognized forces of 
repulsion are capable of simple explanation in the way 
indicated. 

Of all the simple types of contacts available, possibly 
the butt type (where the fixed and moving contacts are 
identical in shape and size) is from this point of view 
the best, since it allows the current to pass from one 


the switch, as in Fig. 16(c), the blow-out force upon 
the arc is materially reduced. The maximum blow-out 
effect upon the arc is obtained when the contact fingers 
are placed in the space outside the poles, as in Fig. 16(a), 
where incidentally the forces are further increased by 
the proximity of the oil-switch tank. 

These effects are dealt with in considerable detail in 



(C) 




force 


contact to another in a straight line and therefore no 
repulsive forces are produced. 

It is, however, often possible to improve contacts in 
this respect by simple alterations to their shape, and 
this has been done in connection with contacts of the 
contactor type. Considerable difficulty was experienced 
with the contactor-type contacts shown in Fig. 14, 
owing to contact separation brought about when fault 
currents passed through them. This difficulty^ was 
completely overcome by redesigning the hinged portion A 
of the contacts in the manner shown in Fig. 16. The 
electromagnetic forces in the modified design were 
actually utilized to augment the contact pressure with 
the passage of large fault currents. 

The effect produced on the forces by various arrange¬ 
ments of the contact fingers at the bottom of oil-switch 
terminal stems was also examined, and the results of 
this investigation are shown in Fig. 16, When the fixed 
contacts are placed in the space between the poles of 



Fig. 17.—^Forces exerted upon oil-switch loop. 


an article by A. L. Muller,* who claims that, very con¬ 
siderable advantage is to be obtained in the breakmg- 
capacity performance of oil switches by placmg the 

« See Bibliography, (8). 
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finger contacts on the outside of the poles, as shown in 
Fig. 16(a). The added blow-out effect so obtained is 
stated to hasten the rupture of the arc by increasing 
the speed of movement of the arc root across the contact 
face, and also by increasing the cooling of the arc as it 
is forced through the oil. 

Forces on Terminal Stems and Contact Bars of Oil 
Switches. 

The second example of the effects of electromagnetic 
forces is concerned with the forces exerted upon the 






^ forces due to sing'le-p/ia.se short-circuit 




Deflection due to single-phdse short-circuit 



Deflection due to 3-phase short-circuit 


Fig. 18. 

terminal stems and moving contact-bar of oil switches. 
These forces tend to increase the loop formed by the 
conductors, and in so doing to deflect the terminal stems 
and their support bushings and to move the contact bar 
in a downward direction. The forces exerted are shown 
in Fig. 17, and the probable reactions that will result 
upon the conductors in air when traversed by a single¬ 
phase and a 3-phase short-circuit current respectively 
are shown in Fig. 18. , 


In the case of a single-phase short-circuit it is shown 
that the terminal stems of each of the affected poles of 
the breaker are deflected as a result of the vectorial 
sum of five distinct forces, and the reactions produced 
are consequently of a complex nature. The direction 
of movement of the terminal stems in their reactions 
to these forces is determined largely by the configuration 
of the conductors. From certain points of view the 
direction^ of the reaction is of greater importance than 
its magnitude, since the former may upset the bedding 
pressure of the contact fingers and so affect the breaking- 
capacity performance of the switch. 

The magnetic top plate and the tank of the oil switch 
also have an effect upon the forces under consideration. 
The top plate tends to decrease the downward force on 
the cross-bar of the switch, but does not affect the 
expansive forces on the terminal stems and contacts to 
any extent. The steel tank, however, tends to increase 
both the downward and the expansive forces and is of 
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Fig. 19.—Effect of phase barriers. 

(а) Without phase barriers. 

(б) With phase barriers. 

considerable practical importance. In practice the 
presence of the top plate can be ignored, since its 
influence is negligible compared with that of the steel 
tank; and in any case, for heavy-current switches, non¬ 
magnetic top plates have to be used to reduce circulating 
currents round the terminals. 

It is possible to calculate the increase in the down¬ 
ward and expansive forces upon the conductor loop on 
account of the presence of a steel tank when the current 
flowing in the conductors is unidirectional. 

When an alternating current is used, however, such 
factors as the saturation of the steel tank, and its 
permeability, make even an approximation by calcula¬ 
tion out of the question. The increase in the forces 
likely to result from the presence of the inductive tank 
can be comparatively easily determined by means of a 
simple series of tests. These should preferably be made 
on a rectangular loop of circular copper rod inserted into 
a steel tank,^ using the thickness of tank wall and size 
and disposition of contacts likely to be employed in 
practice. If the change in inductance of the loop is 
then measured for small displacements of each member 
of the rectangle, it is possible by Faraday’s method to 
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deduce the increase in force brought about by the 
presence of the tank. 

From a series of tests made in this manner it was 
found that the presence of the top plate could be safely 
ignored, while in the most severe case considered the 
presence of the oil-switch tank increased the doAvnward 
and throw-off forces on the terminals, contacts, and 
cross-bar, to double the value they would have had in 
the absence of the tank. 

The presence of phase barriers of inductive material 
in the tank has an important influence upon the magni¬ 
tude and direction of the forces exerted upon the 
terminal stems and contacts of an oil switch under 
short-circuit conditions. The effect produced by these 
phase barriers is shown in Fig. 19. This indicates that 
when phase barriers are not used the forces exerted upon 
the terminal stems are such as to impart a twisting 
action to the finger contacts, which is most undesirable 
from the point of view of obtaining a good contact 
pressure. When the phase barriers are used, the forces 
exerted are greatly simplified and are of a type that do 
not affect the bedding pressure of most types of contacts. 
From this point of view, phase barriers of inductive 
material—quite apart from the inherent safeguard they 
offer against phase-to-phase faults—materially relieve 
the circuit breaker of certain undesirable forms of 
magnetic stress. 

In conclusion, the author wishes to make full aclcnow- 
ledgment to all the authorities mentioned in the Biblio¬ 


graphy, and to express thanks to the Metropolitan- 
Vickers Electrical Co. for permission to publish this 
paper. 
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DISCUSSION ON 

"THE MEASUREMENT OF IMPEDANCE. 


Mr. E. V. Clark (Australia) [communicated ): The 
method of measuring impedance described by the author 
is in principle^ though not in apparatus, closely analogous 
to a method given by C. G. Lamb.f In this, a non- 
inductive resistance is placed in series with the coil 
under test, and in parallel with the two is connected a 
resistance, with sliding contact, that need not be non- 
inductive provided that it is of uniform time-constant 
throughout its length. The vector diagram is shown in 
the Figure. OA is the voltage across the non-inductive 
resistance, AB that across the coil, and OB that across 
the resistance of uniform time-constant. These are 
measured by a voltmeter; and this is then connected 
between point A and the sliding contact D, which is 
so adjusted (extreme accuracy being unnecessary) 
that the voltmeter reading is a minimum when DA is 
perpendicular to OB and sin ^ = AD/OA. The author 


B 



obtains the same vector diagram, except that instead 
of point D, he finds point F such that OF == OA, where¬ 
upon sin ^ 6 = AF/(2 x OA). Lamb's method is os¬ 
tensibly to find the phase angle of the coil; but by 
using a non-inductive resistauce of known value, the 
impedance, reactance, and resistance of the coil are 
readily determined from equations analogous to those 
which the present author gives. 

This older method devised by Lamb avoids the neces¬ 
sity of using an accurately graduated resistance, but 
requires the voltages to be read directly. The author’s 
method has the advantage that an uncalibrated volt¬ 
meter or its equivalent maybe used, as one virtually 
calibrates it as one goes along upon the graduated resis¬ 
tance. One would surmise that herein lies the chief 
drawback of the method; that the limits to its accuracy 
would be found in the measuring of a voltage such as OF 
to agree exactly with a previously measured voltage, OA. 

* Paper by Mr. N. F. Astbury (see vol. 74, p. 445). 

t “ Alternating Currents,” (1906), p. 40. 


Would not much greater accuracy be possible if, 
instead of using a normal voltmeter or its equivalent, 
one constructed a differential voltmeter, one coil of 
which was excited by the voltage across OF and the 
other by that across OA ? This would permit of deter¬ 
mining the tapping points such as F by a null method, 
and the sensitivity of the detecting instrument might 
be as high as desired. A differential galvanometer, 
with resistance of the order of a megohm and a rectifying 
valve in series with each winding, should prove satis¬ 
factory. It would, of course, be necessary to match the 
valves very carefully; but a change-over switch would 
eliminate errors from want of perfect matching, or at 
any rate indicate the order of the inaccuracy due to 
this cause. 

Nevertheless, however sensitive the apparatus used, 
the method is inherently of poor accuracy when one is 
endeavouring to measure the resistance of an impedance 
coil of large time-constant; since the expression for this 
resistance, B = [rJB-^Ep cos 6 — r, is in these circum¬ 
stances palpably the small difference between two large 
quantities. 

Mr. N. F. Astbury [in reply ); I was not previously 
acquainted with the method of C. G. Lamb, described 
by Mr. Clark. My method in its simplest form is, of 
course, only a development of the traditional “ 3-volt¬ 
meter ” method for measuring power, and it is not 
surprising that the further possibilities of this method 
should have been realized by others. 

I feel that the limitations of my method are fairly 
well exemplified by the measurements recorded in the 
paper, and I would refer Mr. Clark to them. He will 
find ample support for his last paragraph, especially in 
the measurements on condensers, which were made with 
the express purpose of showing up the limitations of the 
method. In such cases as Mr. Clark mentions, however, 
the main interest is usually, although not invariably, 
in the reactive component. 

Mr. Clark’s suggestion for a differential voltmeter is 
extremely interesting. If higher accuracy is required, 
however, surely the use of an ordinary a.c. bridge would 
be the best way of achieving this result. The essence 
of my method, I had hoped, was its simplicity: to detract 
from this without at the same time greatly increasing the 
accuracy seems hardly worth while. 
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Overseas Members and tlie Institution. 
During the period 1st July to 30th September, 1934, 
the following members from overseas called at the 
Institution and signed the “ Attendance Register of 
Overseas Members ” :— 


Beckett, T. R., B.Sc. 
(Eng.), {Lagos). 

Beynon, J. H. {Paulsboro, 
U.S.A.). 

Cooney, Rev. T., S.J., 

B.Sc.(Eng.),Ph.D.(Ho«g 
Kong). 

de Aguiar, J. {Rio de 
Janeiro). 

Del Mar, W. A. {Greenwich, 
U.S.A.). 

Fenton-Jones, H. {Co¬ 
lombo) . 

Geare, H. W. {De Hoeh, 
S. Africa). 

Gordon, A. H. {Shanghai). 

Harmer, L. B. {Shanghai). 

Fligham, R. G. {Bombay). 

Mellor, A. H. {Johannes¬ 
burg). 

Worth, T. C., 


Migotti, L; W. {Buenos 
Aires). 

Mountain, G. A., B.Sc. 
(Eng.), {Hamilton, Ber¬ 
muda) . 

Ogden, Captain G. W., 
B.A., 'R.S. {Khartum). 
Parsons, D. B., M.Eng. 

{Buenos Aires). 

Purcell, B. G. {Calcutta). 
Selvey, A. M. {Detroit). 
Shanahan, D., B.E., B.Sc. 
{Baghdad). 

Sharpley, Prof. F. W., 
F.R.S.E. {Dhanbad, 
India). 

Swingler, G. H. {Cape 
Town). 

Wales, Prof. W. A., B.Sc. 
(Eng.), {Madras). 

B.A. {Madras). 


Members from Overseas. 

The Secretary will be obliged if members coming home 
from overseas will inform him of their addresses in this 
country, even if they do not desire a change of address 

recorded in the Institution register. 

The object of this request is to enable the Secretary 
to advise such members of the various meetings, etc., 
of the Institution and its Local Centres, and, when 
occasion arises, to put them into touch with other 
members. 

Proceedings of the Meter and Instrument 

Section, 

43rd Meeting of the Meter and Instrument 
Section, 2nd March, 1934. 

Mr. W. Lawson, Chairman of the Section, took the 

chair at 7 p.m. , , 

The minutes of the meeting held on the 2nd February, 

1934, were taken as read and were confirmed and signed. 

The following papers were read and discussed 
” Copper-Oxide Rectifiers in Ammeters and Voltmeters 
(see page 453), by Mr. E. Hughes, D.Sc., Ph.D., Member; 
and “ A Direct-Reading Form Factor Meter (see 
page 463), by Mr. R. S. J. Spilsbury, B.Sc.(Eng.), 

The meeting terminated at 9.17 p.m. with a vote 
thanks to the authors, which, was moved by the Chairman 
and carried with acclamation. 


44th Meeting of the Meter and Instrument 
Section, 16th March, 1934. 

Mr. W, Lawson, Chairman of the Section, took the 
chair at 7 p.m. 

The minutes of the meeting held on the 2nd March, 
1934, were taken as read and were confirmed and signed. 

An informal discussion took place, the subjects being 
as follows:— 

(1) "The Measurement of Current in Substations” 
(opened by Mr. F. E. J. Ockenden, Associate Member). 

(2) “ Three-Phase Four-Wire Meters; Two Elements 
or Three ? ” [opened by Mr. R. S. J. Spilsbury, B.Sc.(Eng.), 
Member]. 

(3) " Protection Methods for Three-Phase Transformer 
Banks ” (opened by Mr. O. Howarth, Member). 

The meeting terminated at 9.8 p.m. with a vote of 
thanks, moved by the Chairman, to those members who 
had introduced the subjects for discussion. 

45th Meeting of the Meter and Instrument 
Section, 13th April, 1934. 

Mr. W. Lawson, Chairman of the Section, took the 
chair at 7 p.m. 

The min ntes of tli6 moeting held on tlie 16tb. Marcu, 
1934, were taken as read and were confirmed and signed. 

A ’paper by Mr. G. F. Shotter, Associate Member, 
entitled “ Experience with, and Problems relating to. 
Bottom Bearings of Electricity Meters,” was read and 

discussed. , r 

The meeting terminated at 9.66 p.m. with a vote of 

thanks to the author, which was moved by the Chairman 

and carried with acclamation. 

46th Meeting of the Meter and Instrument 
Section, 4th May, 1934. 

Mr.'W. Lawson, Chairman of the Section, took the 
chair at 7 p.m. 

The minutes of the meeting held on the 13th April, 
1934 were taken as read and were confirmed and signed. 

The Chairman announced that the following members 
had been nominated to fill the vacancies which would 
occur on the Committee on the 1st October, 1934; 
Chairman: Prof. J. T. MacGregor-Morrm. 

Ordinary Members of Committee: B. S. Cohen, 

S. James, G. F. Shotter, H. Cobden lumer, and J. G. 

^In the’event of a ballot for the new Committee being 

required, Messrs. H. Honey and J. F. Shipley were 

appointed scrutineers. j t' o 

Prof W. Cramp, D.Sc., Member, then delivered a 

Lecture entitled "An Experimental Sequel to Fara¬ 
A vote of thanks to the lecturer, proposed Prof. 
J. T. MacGregor-Morris and seconded by Mr. F. n. J. 
Ockenden, was carried with acclamation. 

The meeting terminated at 8.30 p.m. 
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INSTITUTION NOTES. 


Accessions to the Reference Library. 

[Note. —The books cannot be purchased at the Institution; the names of 
the publishers and the prices are given only for the convenience of members; 
('*') denotes that the book is also in the Lending Library.] 

Rees, H. Worked examples for wiremen and students, 
sm. 8vo. vii + 114 pp. (London: Sir Isaac 
Pitman and Sons. Ltd., 1933.) 3s. %d. (*) 

Rothe, R., Ollendorff, F., and Pohlhausen, K. 
Theory of functions as applied to engineering prob¬ 
lems.' Transl. by A. Herzenberg. 8vo. • x -4- 189 
pp. (Cambridge: Massachusetts Institute; of Tech¬ 
nology, 1933.) $3.50. 

■ScHALL, W. E. X-rays: their origin, dosage,' and 
practical application. 4th ed. la. 8vo. xi 4- ISl .PP- 
(Bristol: John Wright and Sons, Ltd., 1932.) 
7s. 6cf. - 

ScHALLREUTER, W. L., Dv.Ph. Neon tube practice, 
la. 8vo. 132 pp. (London: Blandford Press, Ltd., 
1933.) 10s. M. {*) 

ScHULE, W., Dipl.-Ing. Technical thermodynamics. 
Transl. by E. W. Geyer. 8vo. xv + 627 pp. 
+ 3 pi. (London: Sir- Isaac Pitman and Sons, 
Ltd., 1933.) 40s. (*) 

Stockton, R. C. The principles of electric -welding: 
metallic arc process, sm. 8vo. -vii -1- 184 pp. 
(London: Sir Isaac Pitman and Sons, Ltd., 1933.) 
7s. 6^^. {*) 

Stoddart, W. C. The working principles of motor 
vehicle lighting and starting. 8vo. xv -f 604 pp. 
(London: "AutomobileElectricity,” 1933.) 16s. (*) 
Stranger, R. , pseudonym. Dictionary of wireless terms. 
8vo. viii -|- 160 pp, (London: George Newnes, 
Ltd., 1933.) 2s, 6d. 

-The elements of wireless. 8vo. xi -p 212 pp, 

(London: George Newnes, Ltd., 1933.) 3s. Qd. (*) 

Taylor, D. Power sales, sm. 8vo. xii + 206 pp. 
(New York, London: McGraw-Hill Book Co., Inc., 
1933.) 12s. M. (*) 

Temple, G., Ph.D., D.Sc. The general principles of 
quantum theory, sm. 8vo. viii -j- 120 pp. (London: 
Methuen and Co., Ltd., 1934.) 3s, 

Todman, J. C. Power economy in the factory. A book 
for cost and works accountants, and also for students 
intending to enter for the Power Generation and 
Transmission Section of the Examination of the 
Institute of Cost and Works Accountants, sm. 8vo. 
(London: Sir Isaac Pitman and Sons, Ltd., 1932.) 
7s. M. (*) 

Underhill, C. R. Electrons at work. A simple and 
general treatise on electronic de-vi'ces, their circuits, 
and industrial uses, 8vo. xii-f 354 -pp. (New 
York,;London: McGraw-Hill Book Co., Inc,, 1933.) 
18s. (*) 

Valensi, G. Thdorie de la transmission tdlephonique, 
8vo. 626 pp. (Paris: Leon Eyrolles, 1933.) 
^0 francs. ' 


Verband Deutscher , Elektrotechniker. Vor- 
schriftenbuch. Herausgegeben durch das GeneraT 
sekretariat des V.D.E. 19e Aufl. 8vo. xvi -j- 
1271 pp. (.Berlin: Verlag des Verbandes Deutscher 
Elektrotechniker, 1933.) RM. 16.20. 

V-YVYAN, R. N. Wireless over thirty years. 8vo. 
xiv -|- 256 pp. (London: George Routledge and 
Sons, Ltd., 1933.) 8s. 6d. (*) 

Wagner, C. F., and Evans, R. D. Symmetrical 
components as applied to the analysis of unbalanced 
electrical circuits. With an introduction by C. L. 
Fortescue. 8vo. xvi -|- 437 pp. (New York, 
London: McGraw-Hill Book Co., Inc., 1933.) 30s. (*) 

Walker, M., M.A., D.Sc., F.R.S. Conjugate functions 
for engineers. A simple exposition of the Schwarz- 
Christoffel transformation applied to the solution 
of problems involving two-dimensional fields of force 
and flux. la. 8vo. 116 pp. (Oxford: University 
Press, 1933.) 12s. 6d. {*) 

Walker, R. C., and Lance, T. M. C. Photoelectric cell 
applications. 8vo. viii -j- 193 pp. (London: Sir 
Isaac Pitman and Sons, Ltd., 1933.) 8s. 6d. (*) 

Watt, R. A. W., Herd, J. F., and Bainbridge-Bell, 
L. H. Applications of the cathode ray oscillograph 
in radio research. (Dept, of Scientific and Industrial 
Research). 8vo. xvi 4- 290 pp. (London: H.M. 
Stationery Office, 1933.) 10s. (*) 

Weinbach, M. P. Alternating current circuits. 8vo. 
xvi-(-417 pp. (New York: The Macmillan Co., 
1933.) 20s. (*) 

White, F. W. G., Ph.D. Electromagnetic waves, 
sm. 8vo. viii -f 108 pp. (London: Methuen and 
Co., Ltd., 1934.) 3s. (*) 

WiLDBORE, H. J. W. Patents explained. 8vo. 48 pp. 
(London: J. B. Wildbore and Son and John A. 
Gibbons and Co., 1933.) 6s. 

Wilson, W., M.Sc. The calculation and design of 
electrical apparatus, sm, 8vo. xv 4- 214 pp. 
(London: Sir Isaac Pitman and Sons, Ltd., 1934.) 
10s. M. 

Witts, A. T. Radio upkeep and repairs for amateurs. 
A practical handbook on fault-clearing and set 
maintenance. 8vo. ix -j- 158 pp. (London: Sir 
Isaac Pitman and Sons, Ltd., 1933.) 5s. {*) 

World Petroleum Congress, 1933. Proceedings. 
Edited by A. E. Dunstan and G. Sell. vol. 1, 
Geological and production sections, xxiv 4- 692 pp., 
35s.; vol. 2, Refining, chemical and testing section, 
xx-vd 4- 966 pp. 46s.; 2 vol., 73s. 6i. (London: 
World Petroleum Congress, 1934.) 

Young, A. P., O.B.E. Forward from chaos. 8vo. 
xvi 4- 188 pp. (London: Nisbet and Co.,' Ltd., 
1933.) 6s.. 

Young, A. P., and Griffiths, L. Automobile electrical 
, equipment. 8vo. 336 pp. (London; IlifEe and 
Sons, Ltd., 1933.) 15s. {*) 
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Ci*ossiits£ the Channel 


The laying of six submarine cables across the Victoria 
Channel between the East and West Twin Islands at Bel¬ 
fast was recently carried out by Henley’s in connection 
with the supply for the Antrim side of the city from the 
City Council’s power house. 

The cables were 1 sq. in. 35,000 volt, 3-core S.L. double 
wire armoured with reinforcing strands, together with a 
12 pair pilot and telephone cable, paper insulated, lead 
covered and single wire armoured. 


Preliminary operations are illustrated in the top Picture, 
and the circle shows the barge leaving the East Bank of 


the Channel. 



t V 
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The first and only Screw Fan 
in general industrial use 


100-ins. diameter Two-Stage "Aeroto" Patent Screw 
Fan in course of erection for Test at Sirocco Works% 


Branch Offices ^ 
LONDON 
BIRMINGHAM 
MANCHESTER. 
CARDIFF 
BRISTOL 
NEWCASTLE 
GLASGOW 
’ and 
DUBLIN. 









"’■^■>5 I \ 
* ' 




a platitudinous-sounding axiom which is nevertheless the 
policy of all progressive businesses or institutions, the fore¬ 
casting of whose future needs constitutes a real source of 
anxiety to most telephone-operating administrations. 

A good percentage of the latter, by having adopted Strowger 
Automatic Telephone Exchange Apparatus, have also in a 
large measure solved the problem on the equipment side, 
because the Strowger system has been developed over a 
period of forty years with the knowledge that speedy 
expansion in the future is essentially a factor of primary 
importance. 

In consequence, Strowger Automatic Telephone Equipment 
is extremely flexible and can be as readily employed for the 
largest network as for the smallest exchange, with the 
assurance that existing exchanges can be extended to 
provide for subscriber-gro\yth at will. 

AUTOMATIC ELECTRIC CO. LTD. 

STROWGER WORKS, LIVERPOOL, 7 

\\ Telephone: Old Swan 830. Telegrams: "Strowger,” Liverpool. 


BUILD FOR TO-MORROW- 
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PREVENT 

POWER 






The illustration is of a 162 kVA B.I. 
Condenser fitted with H.T. Control 
Switch; 2,000V, 50 Cycles, 2 Phase 3 
Wire; supplied to Messrs. Metropolitan 
Cammel Carriage St Wagon Company. 


Power Factor correction by the 
installation of B.l. Condensers is 
the most satisfactory method of 
reducing idle current losses and 
therefore the cost of power bills 
in those cases where power factor 
penalties are imposed. The B.l. 
have been manufacturing Condensers 
of all types for over a quarter of a 
century* and their products incor¬ 
porate all the latest developments. 
Here are five of the B.l. specific 
advantages:— 

1. Installation cost is low* for no 
foundations are needed. 

2. No attention necessary for oper¬ 
ation or maintenance. 

3. Very little floor space occupied. 

4. Operating losses guaranteed not 
to exceed 2 watts per kVA. 

5. Normal temperature rise does 
not exceed 15®F. 

Write for special Power Condenser 
Catalogue giving full particulars. 


Cable Makers and Electrical Engineers 

PRESCOT^ Lancse 

Telephone No. PRESCOT 6571 


London Office: SURREY HOUSE, EMBANKMENT, W.C.2. Thone No. Temple Bar 4793, 4, 5, & 6. 
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In the home, as well as in the office and the workshop 
"Harper” Castings are in evidence. They are used by 
famous manufacturers of barometers, lawn mowers, door 
locks, vacuum cleaners, gas cookers, gas fires ... in 
fact in every class of industry where quality castings 
are needed. Reliable and accurate, they all possess 
the "Harper Skin"—^the finish that has set the 
standard. They are consistent in quality, no matter 
v,hat the quantity, and prompt delivery is always 
made. "Harper" Castings cost less because they save 
more. We can prove it to you. 

Tohn HA.RPER&C?L” 


ALBION worksWILLENHALL 


TELEPHONE: 

WILLENHALL 124? ( 4? LINES > 


TELEG RAMS : 
harpers , WILLENHALL. 


CASTIHCS 
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W HEN boiler plant is desired for somewhat unusual conditions 
Babcock & Wilcox Ltd. can draw on a vast experience to provide 
the best solution of the particular problems. 

In the field of high pressure test boilers many unusual problems are 
encountered and the illustrations show such boilers, which are 
essentially typical of their class, installed in the British Isles. 

B. & W. HIGH PRESSURE TEST BOILERS: 

THE ILLUSTRATIONS SHOW 


I An oil fired boiler in our Dum- 
* barton Works to supply 1,000 
lbs. of steam per hour at 2,000 
lbs. per square inch pressure, 
superheated to a final tempera¬ 
ture of 850®F. This unit was 
installed in 1929. 

2 Dewrance & Co., London. An 
oil fired B. & W. Boiler with a 
capacity of 2,000 lbs. of steam 
per hour, the drum safety valve 
being set at 2,140 lbs. per square 
inch pressure and final steam 
temperature of 875®F., installed 
in 1933. This boiler is also 


”3 Hopkinsons Ltd., Huddersfield. 
An oil fired B. & W. Boiler with a 
capacity of 2,000 lbs. per hour at 
2,000 lbs. per square inch and 
850°F. This unit was installed 
in 1931. 

4 A test boiler on a commercial 
~ scale installed in our Renfrew 
Works. This boiler is capable of 
a load of 40,000 lbs. of steam per 
hour, at IS/S lbs. per square inch 
pressure and 840°F. It is fired by 
means of a B. &W. Style 28 Stoker 
in afurnace of Bailey construction. 


fitted with an economiser. This boiler was installed in 1929. 





BABCOCK & WILCOX 

LIMITED 

BABCOCK HOUSE, 34. FARRINGDON ST.. LONDON, E.C.4. 




In all cases the oil firing equip¬ 
ment is by B. & W,, and above 
Is shown our present design of 
oil burner air control box with 
the safety dampers which shut 
automatically In the event of a 
blow-back in the furnace. 
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Continuous Brilliant Light 

Steel Plate Accumulator 
will not run down while 
standing idle. 

Lasts a Lifetime. 

As used in H.M. Navy. 


TYPE “ U ” 

Size Si'' X 2|:" X 7r. 
20 hours’ brilliant llghi 
on one charge. 

Price 32/S 
Carriage Paid in U.K 


i£CCUMULAtO^ 


TYPE “AO ” 
Pocket size, X 8^ 

8 hours’ brilliant light 
on one charge. 

Price 25/* 
Carriage Paid in U.K. 


Not flash lamps dependent 
on dry batteries, but con¬ 
tinuous burning lanterns 
taking power from NIFE 
Nickel Cadmium Alkaline 
Accumulators. 

Rechargeable for a few 
pence. 


THOUSANDS IN DAILY USE 


Write for New Catalogue No. 1033 


M%mr. .mu. works ', mumTcn 
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PSYCHDLDCISIS 


D uring a discussion of a paper, at this 
year’s I.M.E.A. Convention in Liverpool, 
some sound advice was given. The speaker said 
there were two methods of quoting consumers 
for current. You could quote them units in 
fractions of coins, or coins in fractions of units. 
Whereas people were confused by the first 
method, they clearly understood the second. 

On the Smith Meter the indicator shows con¬ 
tinually just how many units the consumer 
will obtain for his coin. 

The Smith Meter is adjustable for I/- and 6d. 
or 1 /- and Id. slot coin and the Collector can 
alter the charge from 1 unit to 18*8 units per 
I/- in a couple of seconds. 



























STIR 



SMITH METERS LTD • ROWAN RD 


STREATHAM VALE * LONDON * S.W .I6 • POLLARDS 2] 30 * 31 83 
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any electrical 

INSTALLATION IS 
ONLY AS GOOD 
AS THE CABLE 
IT EMPLOYS 



IT IS NOT EASY 
TO JUDGE THE 
QUALITY OF A CABLE 
BY ITS APPEARANCE 
AND IT IS UNWISE 
TO TAKE IT ON TRUST 


Rj 


by much research- 
experiment—experi¬ 
ence. 

Thus by specifying 
these cables you 
ensure the best 
possible for your 
purpose in whatever 
condition or position 
their job may be. 



THE SERVICE IT WILL 
GIVE, ITS RELIABILITY 
AND yOUR REPUTATION, 
DEPEND ON INHERENT 
QUALITY OF THE CABLE 






Copyright 

l/b. Atkinson, ^ 
Exclusim Licensees 
Members of the 
C.M.A. 






^ MEMBERS OF T 

The Anchor Cable Co. Ltd. 

British Insulated Cables Ltd. _ 
Callender’s Cable &. Construction 
Co. Ltd. 

The Craigpark Electric Cable Co. 

Ltd. j 

The Enfield Cable Works Ltd, 
Edison Swan Cables Ltd. 

W. T. Glover &. Co. Ltd. 


PROTECT YOURSELF 
BY USING ONLY 
CABLES MADE BY 
MEMBERS OF THE 
C.M.A. 


HE C.M.A. 

Greengate&.IrwellRubberCo.Ltd. 

W. T. Healey’s Telegraph Works 

Co. Ltd. « t. 

The India Rubber, Gutta-Percha 
& Telegraph Works Co. Ltd. 
Johnson & Phillips Lti 
Liverpool Electric Cable Co. ^tl. 
The London Electric Wire Co. 
and Smiths Ltd. 


The Macintosh Cable Co. Ltd. 
Pirelli-General Cable Works Ltd. 

(General Electric Co. Ltd.) . 

St. Helens Cable&Rubber Co. Ltd. 
Siemens Brothers St. Co. Ltd. 
(Siemens Electric Lamps & 
Supplies Ltd.1 ,, t ..j 

StandardTelephones &.Cables Ltd. 
Union Cable Co. Ltd. 

























(X) 


LE.E. Journal Advertisements. 



SUPERTENSION CABLES 


Manufacturers of the following types :— 

SOLID TYPE SINGLE CORE CABLE 
S.R. SINGLE CORE CABLE 
H-TYPE 3-C6RE CABLE 
H.S.L. 3-CORE CABLE 
OIL-FILLED CABLE 


Our laboratories are continually at work developing and 
improving our supertension technique. Our works are 
equipped with the most modern plant. Send us your 

enquiries. 

Statidard 

Tckphoms and Cabks Limited 

NORTH WOOLWICH, LONDON, E. I 6 

Telephone ALBert Dock 1401 
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Thus far and no further 

may your distribution voltage be allowed to vary. 
To keep within these limits you will install the 
Moving Coil Regulator. 



The outstanding fea- ^ 

tures of the New Mov- ~ ~ 

ing Coil Regulator are:- 

Hand, remote or auto- ffjW 

matic control. == ==============K^ 

Silent operation. .__ |7 E 

Split-phase motor, low 
speed, minimum ofgear- 

Simplest control system. 

Short circuit proof. ' 

Supplied for any voltage. 

Low losses. (// 

Indoor, pole-mounting 
or kiosk types. 

Most lightly loaded 

mechanism.- __ 

No flexible connections 
or sliding contacts. 

The Moving Coil Regulator represents also 

of voltage control for 
numerous industrial purposes. 




means 





MOVIKG COIL REGULATOR 

FERRANTI LTD., HOLLINWOOD, LANCS. London office: Bush House, Aldwych,W.C.2 
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C E NTU RY WORKS, LEWIS HAM, S. E J 3 

TBLERHONEsLEE GREEN ^646 


ESTABLISHED laOO 


MOVING COIL, MOVING IRON & DYNAMOMETER TYPES 

(Switchboard and Portable) 

AMMETERS-VOLTMETERS-WATTMETERS 

Also numerous other Switchboard and Portable Pattern 
Recorders are available for Power, Pressure, Speed, 

Frequency, K.V.A., Maximum Demand, and Time and 
Duration of Events, etc. 

PARTICULARS ON APPLICATION 


Supplied with Spring-driven or 
Synchronous Motor Clock to 
suit requirements. 


Trade Moulders to the 
Electrical Industry ... 


MADE IN ENGLAND 


O UR long and extensive trade connection 
with the Electrical Industry has built a 
big proportion of our business. We are still 
serving many customers with whom we com¬ 
menced business in 1899. Knowledge of the 
requirements of the Industry places us in the 
position of being able to advise on the right 
grade of mouldings for particular purposes. 

MOULDINGS in BAKELITE 
and other Synthetics, in white or 
colours. 

PLASTIC MOULDINGS having 
Heat, Acid, Oil, Alkali and Water- 
resisting qualities. 

We can quote very special prices with low 
tool charges for mouldings up to 4 ins. 
diameter in lots of 500 or over, and we can 
quote mass production prices for large 
quantities. 

For 

QUALITY MOULDINGS 

delivered on time — 
enquire from :— 


Specify C. & H. Meters to make your metering 
safe and sure. 

Manufacturers: . 

CHAMBERLAIN & HOOKHAM LTD 

SOLAR WORKS, BIRMINGHAM 

London Office and Test Room*: Magnet House, Kingsway, W.C.2 


E B O N E S T OJ5 
INSULATORS 

EXCELSIOR WORKS 
ROLLINS ST. S.E.I5 


Telephone : 
NEW CROSS 
1913 

(5 Lines). 
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metai wciificatitm 


is used 


When installing a rectifier, the initial outlay 
naturally receives a good deal of considera- 
tion ; but it is equally as important to 
consider the subsequent upkeep costs. 

The Westinghouse Metal Rectifier is much 
more economical in use than any other form 
of rectification, as it requires no replace¬ 
ments, supervision, or periodical attention 
whatever. It has a high efficiency, may 
be fixed anywhere without foundations, is 
robust and instantaneous in action. 


The illustration shows 
one of seven rectifier 
sets supplied to the 
Australian Government 
to the order of Messrs. 
Standard Telephones 
and Cables Ltd. 

They are used to supply 
H.T., LT., and G.B., 
to Kadio Transmitters, 
and cannot introduce 
H.F, oscillations or 
harmonics into the 
circuits. Neither do 
they cause any external 
interference wjth the 
transmitting apparatus. 


YOU CAN DEPEND ON THE 


iVo. 4 0 / a series 


Advt. of the 

Westinghouse Brake 
& Saxby Signal Co. Ltd. 
82 York Road, King's Cross 
London, N.l 


METAL RECTIFIER 


Supplied to the 

Australian 

Government 
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ASK FOR CATALOGUE SECTION 6 


The ZENITH ELECTRIC CO. Ltd. 

Sole Matters of the well-known “Zenith” Electrical Products 
Contractors to the Admiralty, War Office, Air Ministry, G.P.O,, L.C.C,,etc. 

ZENITH WORKS, VILLIERS ROAD, 
WILLESDEN GREEN, LONDON, N.W.2 

'Phone: Willesden 4087-8. 'Grams: “Voltaohm, Willroad, London.” 


THE NEW “VIT-BOND” WIRE WOUND 

RESISTANCE UNITS 

Specially developed to combine the advantages of vitreous embedding with many 
other valuable features, resulting in still greater efficiency and economy. 

The NEW PROCESS “VIT-BOND** UNITS provide 

1. Higher range of ohmic values 

2. Greater accuracy 

3. Increased overload capacity 

4. LOWER PRICES 


REGISTERED 


TRADE MARK 


The world's master TESTING INSTRUMENT 


THE 36‘RANGE 
UNIVERSAL 


AVOMETER 


All A.C. &D.C. Testing—Current, Voltage, Re.sistance 

with unparalleled Precision! Simplicity! Ease! 

For efficient and accurate testing there is no equal to the famous 
Avometer. Unrivalled testing facilities are afforded by this one self- 
contained instrument. Following advance after advance the Universal 
Avometer now gives all the 36 ranges of A.C. and D.C. readings 
shown in the tables, all readings being obtained without external 
shunts, multipliers or transformers. No matter what the future 
developments may be in apparatus used, the 3 6-range Avometer 
will remain the world’s most widely used testing instrument. 

WRITE .FOR FULLY DESCRIPTIVE FOLDER 


36 RANGES WITH ONE INSTRUMENT 


Current. 
*0-12 amps. 
0-6 „ 

0- 600 m.a. 
* 0 - 120 
0- 60 „ 
*0 12 „ 

0 6 „ 


D.C. RANGES 
Voltage. 

*0-1,200 volts. 

0- 600 
* 0 - 120 „ 

0- 60 
* 0 - 12 
0 - 6 „ 

* 0 - 1.2 „ 

0- 600 millivolts. ' 

* 0 - 120 ,, 

0- 60 .. 


Resistance. 
*0-1 megohm. 
*0-100,000 ohms. 
* 0 - 10,000 „ 
* 0 - 1,000 „ 


A.C. RANGES 


Current. 
0-12 amps. 

0-6 
0 - 1.2 „ 

0 - 0.6 „ 

0-120 milliamps. 
0- 60 


* Indicates the 
thirteen ranges of 
the D.C. Avometer. 


Voltage. 
0-1,200 volts. 
0- 600 
0- 480 .. 

0- 240 , 

0 - 120 „ 

0- 60 
0 - 12 .. 

0 ' 6 .. 


A NEW AID . . . “RADIO SERVICING SIMPLIFIED” ^ 

This new Book gives a complete survey of radio te.stin^ in 
non-techmcal language. The testing of all modern valves and ^ 
every phase of fault-finding are explained in easy phraseology, or post 
rfumeious diagrams. A Book that meets a long-felt need, free 2/9 


Eegd. Trade Marie 







BRITISH MADE Also the D.C. Avometer, giving the 
13 D.C. ranges indicated q 
I V by an asterisk. o GNS. 

■ Deferred terms if desired. 

THE AUTOMATIC COIL WINDER & 
ELECTRICAL EQUIPMENT CO., LTD. 

Winder House, Douglas St., London, S.W.I 

Telephone: Victoria 3404/7 
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EXCLUSIVE DESIGN 
LOUD-SPEAKING MASTER TELEPHONE 


POWER FACTOR 
INDICATORS 

FOR 

SINGLE AND POLYPHASE SYSTEMS 
ARE THE RESULT OF MANY 
YEARS OF SPECIALISED RESEARCH 


Combined with the New “INTER-DIAL’* 
SUB-STATIONS is the latest Shipton 
development in Inter-House Telephones 
BRITISH THROUGHOUT 

Farther particulars from 

SHIPTON AUTOMATIC TELEPHONE SYSTEM 

E. SHIPTON & CO. LTD. 

13/14 Dartmouth Street, Westminster, S.W. 1 
Telephone: Whitehall 5671/2 


INDICATING AND RECORDING 
SWITCHBOARD AND PORTABLE 
PATTERNS 

NALDER BROS. & THOMPSON, LTD. 

97 DILSTON LANE, LONDON, E.8 

Telephone: Telegrams: 

2365 CLISSOLD OCCLUDE, HACK, LONDON 


aluminium w|th a core 

I igh t n ess and St rength, 
Increased span lengths 
become possible, and 
savings are made on towers, insulators and 
related equipment. As for tower lines, so for 
pole lines, and steel-cored aluminium is a 
conductor of world-proVed efficiency. 

The illustration shows a 22kv. transmission line 
for the Athens Perseus Electricity Company. 


The BRITISH ALUMINIUM COMPANY Ltd 
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SURGE-PROOF 

DISTRIBUTION 

TRANSFORMERS 



WHEN required, BTH 
will supply at a slightly in¬ 
creased cost, Transformers 
designed to withstand 
lightning and other surges, 
and to be of greater 
strength than any specified 
value of adjacent line 
insulation. 


ALL TYPES of TRANSFORMERS 







LOCAL CENTRES AND SUB-GENTEES~(Co/zZmue<i), 


NORTH-WESTERN CENTRE. 

Chainnan .— G. A. Cheetham. 

Hoh. Secretary.—k. E. Jepson, Magnet House. Victoria 
Bridge, Manchester, 3. 


SCOTTISH CENTRE. 

Chainnan. —Prof, F. G. Daily, M.A. 

Hon. Sccrelary.—j. Taylor, 164, West George Street, Glas¬ 
gow, C.2. 

Hoh. Assist. Secretaries. —H. V. Henniker, 172 CraiMeith 
Road, Edinburgh. ' 

R. B. Mitchell, 53, Lauderdale Gardens, Hyndland. 
Glasgow, W.2. 

Dundee Sub-Centre. 

Chairman. — J. S. Lilly. 

Hoh. Secretary. —P. Philip, c/o Electricity Supply Dept., 
Durlhope Crescent Road, Dundee, 

Hampshire 

Chairman. —P. G. Spary. 


INFORMAL MEETINGS. 

Chairman of Committee .— P. P. Wheelwright. 

METER AND INSTRUMENT SECTION. 

Chairman .— Prof. J. T. MacGregor-Morris, 


SOUTH MIDLAND CENTRE. 

Chairman. —W. Burton, M.Eng. 

Hon. Secretary.—H. Hooper, 65, New Street. Birmingh. 
Hon. Assist. Secretary. —R. H. Rawll, '‘Clonsilla," 
Park Hill Road, Harborne, Birmingham, 17. 

East Midland Sub-Centre. 

Chairman.—]. H. R. Nixon, 

Hon. Secretary. —J, F. Driver, 65, Middleton Road, Lough¬ 
borough. 

WESTERN CENTRE. 

Chairman. — R. Hodge. 

Hon. Secretary. — H.' R. Beasant, 77, Old Market Street, 
Bristol, 2. . 

West Wales (Swansea) Sub-Centro. 

Chairman .— R. G. Isaacs. 

Hon. Secretary.—B.. Richards, 78, Glanbrydan Avenue, 
Swansea, 

Sub-Centre. 

Hon. Secretary .— A. G. Hiscock, 

25, Burbidge Grove, Southsea, Hants. 

TRANSMISSION SECTION. 

Chairman. —(To be appointed.) 

WIRELESS SECTION. 

Chairman.—S. R. Mullard, M.B.E. 


LOCAL COMMITTEES ABROAD. 


AUSTRALIA. 

New South Wales. 

Chairman. —L. F. Burgess, M.C. 

Hon. Secretary. —J. E. Donoghue, Kelvin House, 15, Castle- 
reagh Street, Sydney. 

Queensland. 

Chairman and Hon. Secretary .— W. M. L'Estr.\nge, P.O. 
Box No. 640 h, Boundarj'- Street, Brisbane. 

South Australia. 

Chairman and Han. Secretary .— ‘F. W. H, Wheadon, Kelvin 
Building, North Terrace, Adelaide. 

Victoria and Tasmania. 

Chairman and Hon. Secretary. —H. R. PIarper, 22-32, 
William Street, Melbourne. 

Western Australia. 

Chairman. —J. R. W. Gardam. 

Hon. Secretary. —J. A. Smith, As-sociated General Electric 
Industries Ltd,, Box D-147, G.P.O., Perth. 


INDIA. 

Bombay. 

Chairman. — F. O. J. Roose. 

Hon. Secretary.—\. L. Guilford, 'B.Sc.Tech., Electric Hou.se, 
Post Fort, Bombay. 

Calcutta, 

Chairman. —F. T. Homan. 

Hon. Secretary. —K. G. Sillar, c/o Calcutta Electric Supply 
Corporation, Post Box 304, Calcutta. 

Lahore. 

Chairman. —F. L. Milne, 

Hon. Secretary. —H. F. Akehurst, B.Sc., c/o Messrs. Cal¬ 
lender’s Cable and Construction Co., Ltd., Forbes 
Building, Home Street, Fort, Bombay. 

NEW ZEALAND. 

Hon. Secretary. —A. C. Owen, Box 749, G.P.O., Wellington. 

SOUTH AFRICA. 

Transvaal. 

Chairman and Hon. Secretary. —^W. Elsdon Dew, Box 4563, 
Johannesburg. 


LOCAL HONORARY SECRETARIES ABROAD. 


ARGENTINE: , R. G. Parrott, Avenida de Mayo, 580, 
Buenos Aires. 

CANADA: F. A. Gaby, D.Sc., Chief Engineer, Hydro- 
Electric Power Commission of Ontario, Engineering 
Dept., 190, University Avenue, Toronto, 2. 

CAPE, NATAL, AND RHODESIA: G. H. Swingler^ City Elec¬ 
trical Engineer, Corporation Electricity Dept., Cape Town, 

FRANCE: J. Grosselin, 16, Boulevard Emile-Augier, 
Paris (16e). 

HOLLAND: A. E, R. Collette, ITeemskerckstraat 30, 
The Hague. 

INDIA: C. C. T. Eastgate, c/o Octavius Steel & Co., 
14, Old Court House, Calcutta. 

ITALY: L, E MANUELi, Via Fabio .Filzi, 21, Milan. 

JAPAN: I. Nakahaka, No. 40, Ichigaya Tanimachi, 
Ushigomeku, Tokio. 


NEW SOUTH WALES: J. E. Donoghue, Kelvin House, 
15, Castlereagh Street, Sydney. 

NEW ZEALAND: A. C. Owen, Box 749, G.P.O., Wellington. 

QUEENSLAND: W. M, L’Estrange, P.O. Box No. 436h, 
Boundary Street, Brisbane. 

SOUTH AUSTRALIA; F. W. H. Wheadon, Kelvin Building. 
North Terrace, Adelaide. 

TRANSVAAL;, W. Elsdon Dew, Box 4563, Johannesburg. 

UNITED STATES OP AMERICA: Gano Dunn, 43. Ex¬ 
change Place, New York City, N.Y. 

VICTORIA AND TASMANIA: H. R. Harper, 22-32, William 
Street, Melbourne. 

WESTERN AUSTRALIA; Prof. P. H. Fraenkel, B.E.. 
The University of Western Australia, Crawley. 


(Ill) 



LONDOK. MERSEY AND NORTH WALES (LIYERPOOju). 

Chaiyrnan. —E. L. EIefferman. Chairman. —A. G. Shreeve, 

Hon. Secretary. —W. E. Butler, 24, Doneraile Road, . Hon. Secretary. —G. Coop, B.Eng., 28, Cavendish 

Fulham, S.W.6. Road, Kersal, Salford, 7. 


Chairman. —A. G. Shreeve, 


Fulham, S.W.6. ! Road, Kersal, Salford, 7. 

NORTH-WESTERN. SOUTH MIDLAND. 

Chairman. — M. Whitehead. Chairman .— J. C. Turnbull. 

Hon. Secretary. — D. H. Thomas, 6, Springfield Road, Hon. Secretary .— S. C. Dinenage, c/o British Electric 
Al+rinrliam t t'4-.i aU C'hn-rt'h c;+rpp+ ’RirmiTiP'ham. 3. 


Altrincham, Cheshire. | Lamps Ltd.. 43, Church Street, Birmingham, 3. 

SCOTTISH. I NORTH MIDLAND. 

Chairman.—I. S. Scott-Maxwell. ' i 

Hon. Secretary^E BRAr>s^^w M.Sc Electrical En- | _] ^ qinn, c/o Messrs. Frederick 

gmeermg Dept., Royal Technical College, Glasgow, j ^td .Charlestown Road. Halifax. 

NORTH-EASTERN. | SHEFFIELD. 

Chair man.-v—E. C. Rippon. j _ 

Hon. Secretary.' — P. Richardson, c/o Messrs. C. A. I Chairman. —S. Dawson. ire m j 

Parsons & Co., Ltd., Heaton Works, Newcastle- ! Hon. Secretary .—H. A. Wainwright, la2. Meadow 
on-Tyne. i Head, Norton Woodseats, Sheffield, 8. 

BRISTOL. 

Chairman. — ]. Monckton. Hon. Secretary. —P. S. Robson, 22, Oakfield Grove, Clifton, Bristol. 


HE lE.E. BENEVOLENT FUND, 

THE COUNCIL HAVE . KINDLY GRANTED 
THE USE OF THIS SPACE IN ORDER THAT 
THE BENEVOLENT FUND MAY BE BROUGHT 
MORE EFFECTIVELY TO THE NOTICE OF THE 
MEMBERS OF THE INSTITUTION. 

The object of the Fund is: “ To afford assistance to 
necessitous members and former members (of any class) 
of the Institution of Electrical Engineers who have paid 
their subscription for at least five years consecutively or 
compounded therefor, and to the dependants of such 
members or former members.” 

Subscriptions and Donations should be addressed to 
THE HONORARY SECRETARY, THE BENEVOLENT FUND, 
THE INSTITUTION OF ELECTRICAL ENGINEERS, 

SAVOY PLACE, W.C.z. 


LOCAL HON. TREASURERS OF THE FUND. 

Irish Ceniret T. J. Monaghan. North-Eastern: Centre: F. G. C. Baldwin. North Midland Centre: 
T. B. Johnson. SheffisESuh-Centre:^.E.Y)\ svshksst). North-Western Centre. Mersey 

and North Wales (Liverpool) Centre: L. Breach. Scottish Centre: (Glasgow) A. Lindsay; (Edinburgh) 
D. S. Munro. Dundee Sub-Centre: Pl-'f^iLip, South Midland Centre: W. Y. Anderson. Western 
Centre: (Bristol) E. P. Ktshsl; (Cardiff) T. E. Lewis. Hampshire Sub-Centre: El. J. Grapes. 
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